NAVAL 

POSTGRADUATE 

SCHOOL 

MONTEREY,  CALIFORNIA 


THESIS 


NEAR  FIELD  IMAGING  OF  CHARGE  TRANSPORT  IN 

GALLIUM  NITRIDE  AND  ZINC  OXIDE 

NANOSTRUCTURES 

by 

Richard  Adam  Cole 

December  2010 

Thesis  Advisor: 

Nancy  M.  Haegel 

Second  Reader: 

Peter  P.  Crooker 

Approved  for  public  release;  distribution  is  unlimited 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


REPORT  DOCUMENTATION  PAGE 


FormApprovedOMBNo^0704-018^^ 
Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instruction, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send 
comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing  this  burden,  to 
Washington  headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA 
22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188)  Washington  DC  20503. 

1.  AGENCY  USE  ONLY  (Leave  blank)  I  2.  REPORT  DATE  I  3.  REPORT  TYPE  AND  DATES  COVERED 

I  December  2010  I  Master’s  Thesis 


4.  TITLE  AND  SUBTITLE 

Near  Field  Imaging  of  Charge  Transport  in  Gallium  Nitride  and  Zinc  Oxide 
Nanostructures 

5.  FUNDING  NUMBERS 

6.  AUTHOR(S)  Richard  Adam  Cole 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Naval  Postgraduate  School 

Monterey,  CA  93943-5000 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

9.  SPONSORING  /MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

N/A 

10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES  The  views  expressed  in  this  thesis  are  those  of  the  author  and  do  not  reflect  the  official  policy 
or  position  of  the  Department  of  Defense  or  the  U.S.  Government. 

12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  is  unlimited 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (maximum  200  words) 

A  novel  technique  for  imaging  minority  carrier  diffusion  in  semiconductor  nanostructures  has  been  applied  to  the 
characterization  of  GaN  and  ZnO  nanowires  and  nanobelts.  Near  field  scanning  optical  microscopy  (NSOM)  is 
performed  within  a  scanning  electron  microscope  (SEM)  to  image  carrier  recombination  with  a  spatial  resolution 
exceeding  the  diffraction  limit.  The  electron  beam  provides  a  high  resolution,  highly  controlled  source  of  carrier 
generation  at  a  point.  Diffusion  lengths  can  be  extracted  directly  from  the  resulting  distribution  of  the  recombination 
luminescence. 

A  Nanonics  Multi  View  2000  provides  a  unique  open  architecture  to  allow  the  electron  beam  to  be  incident 
on  a  fixed  point  on  the  nanowire  with  independent  motion  of  a  collecting  fiber  to  map  the  luminescence  distribution. 
Probe  tips  are  cantilevered  optical  fiber  tips  with  diameters  from  100  to  500  nm.  Simultaneous  NSOM,  AFM  and 
SEM  imaging  provides  topographic,  optical  emission,  and  carrier  transport  information. 

This  characterization  technique  has  been  used  to  measure  minority  carrier  diffusion  lengths  in  GaN 
nanowires,  ZnO  nanowires,  and  ZnO  nanobelts,  with  diffusion  lengths  extracted  from  carrier  recombination  profiles. 
Evidence  of  waveguiding  in  some  nanowires  and  nanobelts  was  also  observed.  The  first  measure  of  ZnO  nanowires 
using  this  technique  resulted  in  a  measured  diffusion  length  of  approximately  150  nm  for  nanowires  grown  by  the 
hydrothermal  method  and  approximately  640  nm  for  those  grown  by  physical  vapor  deposition.  Additional  results 
comparing  diffusion  lengths  in  n-type,  p-type  and  unintentionally  doped  GaN  nanowires,  ZnO  nanowires,  and  ZnO 
nanobelts  are  presented.  While  measuring  the  diffusion  lengths  of  these  structures,  it  was  also  observed  that  diffusion 
length  measurements  were  sometimes  impacted  by  combined  effects  associated  with  surface  topography  and  optical 
waveguiding  and  interference. 

14.  SUBJECT  TERMS  15.  NUMBER  OF 

Transport  Imagining,  Minority  Carrier  Diffusion  Length,  GaN  Nanowires,  ZnO  Nanobelts,  ZnO  PAGES 

Nanowires,  Near  Field  Scanning  Optical  Microscopy,  NSOM  _ 111 _ 

16.  PRICE  CODE 

17.  SECURITY  18.  SECURITY  19.  SECURITY  20.  LIMITATION  OF 

CLASSIFICATION  OF  CLASSIFICATION  OF  THIS  CLASSIFICATION  OF  ABSTRACT 

REPORT  PAGE  ABSTRACT 

_ Unclassified _ Unclassified _ Unclassified _ UU _ 

NSN  7540-01-280-5500  Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std.  239-18 


1 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


11 


Approved  for  public  release;  distribution  unlimited 


NEAR  FIELD  IMAGING  OF  CHARGE  TRANSPORT  IN  GALLIUM  NITRIDE 
AND  ZINC  OXIDE  NANOSTRUCTURES 

Richard  Adam  Cole 
Lieutenant,  United  States  Navy 
B.S.,  University  of  Kansas,  2004 


Submitted  in  partial  fulfillment  of  the 
requirements  for  the  degree  of 


MASTER  OF  SCIENCE  IN  APPLIED  PHYSICS 

from  the 

NAVAL  POSTGRADUATE  SCHOOL 
December  2010 


Author:  Richard  A.  Cole 


Approved  by:  Nancy  M.  Haegel 

Thesis  Advisor 


Peter  P.  Crooker 
Second  Reader 


Andres  Larraza 

Chairman,  Department  of  Physics 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


IV 


ABSTRACT 


A  novel  technique  for  imaging  minority  carrier  diffusion  in  semiconductor  nanostructures 
has  been  applied  to  the  characterization  of  GaN  and  ZnO  nanowires  and  nanobelts.  Near 
field  scanning  optical  microscopy  (NSOM)  is  performed  within  a  scanning  electron 
microscope  (SEM)  to  image  carrier  recombination  with  a  spatial  resolution  exceeding  the 
diffraction  limit.  The  electron  beam  provides  a  high  resolution,  highly  controlled  source 
of  carrier  generation  at  a  point.  Diffusion  lengths  can  be  extracted  directly  from  the 
resulting  distribution  of  the  recombination  luminescence. 

A  Nanonics  Multi  View  2000  provides  a  unique  open  architecture  to  allow  the 
electron  beam  to  be  incident  on  a  fixed  point  on  the  nanowire  with  independent  motion  of 
a  collecting  fiber  to  map  the  luminescence  distribution.  Probe  tips  are  cantilevered 
optical  fiber  tips  with  diameters  from  100  to  500  nm.  Simultaneous  NSOM,  AFM  and 
SEM  imaging  provides  topographic,  optical  emission,  and  carrier  transport  information. 

This  characterization  technique  has  been  used  to  measure  minority  carrier 
diffusion  lengths  in  GaN  nanowires,  ZnO  nanowires,  and  ZnO  nanobelts,  with  diffusion 
lengths  extracted  from  carrier  recombination  profiles.  Evidence  of  waveguiding  in  some 
nanowires  and  nanobelts  was  also  observed.  The  first  measure  of  ZnO  nanowires  using 
this  technique  resulted  in  a  measured  diffusion  length  of  approximately  150  nm  for 
nanowires  grown  by  the  hydrothermal  method  and  approximately  640  nm  for  those 
grown  by  physical  vapor  deposition.  Additional  results  comparing  diffusion  lengths  in  n- 
type,  p-type  and  unintentionally  doped  GaN  nanowires,  ZnO  nanowires,  and  ZnO 
nanobelts  are  presented.  While  measuring  the  diffusion  lengths  of  these  structures,  it  was 
also  observed  that  diffusion  length  measurements  were  sometimes  impacted  by  combined 
effects  associated  with  surface  topography  and  optical  waveguiding  and  interference. 
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I. 


INTRODUCTION 


A.  SCOPE  OF  THE  THESIS 

The  primary  objective  of  this  thesis  is  to  present  the  results  of  novel 
measurements  of  the  minority  carrier  diffusion  length  in  three  types  of  semiconductor 
nanostructures:  gallium  nitride  nano  wires,  zinc  oxide  nano  wires,  and  zinc  oxide 
nanobelts.  This  is  accomplished  via  near  field  optical  scanning  to  map  the  spatial 
distribution  of  recombination  luminescence.  While  researching  the  diffusion  lengths  of 
these  structures,  the  author  also  observed  that  many  of  these  devices  exhibited 
waveguiding,  and  that  diffusion  length  measurements  were  sometimes  impacted  by  the 
topographic  features  of  the  nanostructure.  Thus,  analysis  of  these  behaviors  are 
secondary  objectives  of  this  thesis. 

B.  BACKGROUND  -  THE  IMPORTANCE  OF  SMALL  SEMICONDUCTOR 
DEVICES 

Semiconductor  devices  have  enhanced  the  lives  of  people  worldwide.  Computers, 
televisions,  telephones,  the  Internet,  cellular  phones,  radios,  solar  cells,  as  well  as  many 
other  applications  and  devices  in  their  modem  form  would  not  exist  without  them.  They 
form  the  foundation  of  the  technology  of  modem  society. 

By  decreasing  the  size  of  the  components  that  comprise  modem  electronics, 
semiconductor  materials  have  fueled  the  rapid  advance  of  technology.  In  1946,  the  first 
general-purpose  computer  in  the  United  States  was  completed.  Called  ENIAC, 
Electronic  Numerator  Integrator  Analyzer  and  Computer,  it  performed  addition  or 
subtraction  calculations  with  19000  large  vacuum  tubes,  resulting  in  a  computer  that 
filled  an  entire  room  and  weighed  over  30  tons  [1],  To  reduce  the  size,  power 
consumption,  and  heat  of  computers  such  as  ENIAC,  scientists  began  researching 
semiconductor  materials  in  an  effort  to  create  a  solid  state  device  to  replace  vacuum 
tubes.  The  year  following  ENIAC’s  completion,  researchers  at  Bell  Labs  created  the  first 
semiconductor  transistor  [2],  and,  since  then,  the  size  of  the  transistor  has  continually 


1 


decreased.  Over  the  past  forty  years,  transistor  size  has  decreased  at  a  rate  that  allows  the 
number  of  transistors  contained  on  any  single  computer  chip  to  double  every  24  months 
[3].  Today,  the  size  of  modem  silicon  based  transistors  is  measured  in  the  tens  of 
nanometers  with  some  modem  processors  containing  billions  of  devices  [4],  allowing 
engineers  to  design  computers  that  calculate  trillions  of  floating  point  operations  per 
second  [5].  Intel  estimates  that  its  future  processors  will  contain  transistors  with  gate 
lengths  of  10  nm  or  less  [4], 

Smaller,  more  powerful  computers  are  not,  however,  the  only  benefit  of  continued 
research  into  semiconductor  nanostructures.  To  understand  why,  consider  Figure  1.  As 
material  dimensions  approach  the  nanoscale,  100  nm  or  less,  the  characteristics  of 
specific  properties  will  differ  with  those  of  the  bulk  material  [6],  For  example,  the 
thermal  conductivity  of  bulk  materials  is  higher  than  that  of  nanostructures  [6].  The 
bandgap  of  a  semiconductor  also  becomes  size  dependent  below  a  certain  threshold.  The 
unique  properties  of  nanoscale  materials  are  of  great  interest  to  many  scientists  and 
engineers.  A  thorough  understanding  of  these  characteristics  may  allow  them  to  develop 
technologies  with  enhanced  performance  and  efficiency  and  allow  use  of  nanostructures 
in  completely  new  areas  of  application. 


Nanoptopenfef 

NanosEructures 


Figure  1.  Schematic  of  Effect  of  Physical  Size  on  the  Properties  of  Any  Material 

(from  [6]) 
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Solar  power  is  one  area  where  this  enhanced  performance  and  efficiency  may  be 
achieved.  For  example,  researchers  at  Rensselaer  Polytechnic  Institute  have  developed 
an  antireflective  coating  for  solar  panels  from  nanostructures.  Using  this  coating  in  their 
experiments,  they  have  reduced  the  amount  of  sunlight  reflected  off  silicon  solar  cells 
from  32.6  percent  to  3.79  percent  at  wavelengths  from  400  nm  to  1600  nm,  thereby 
increasing  the  amount  of  sunlight  collected  and  improving  the  overall  efficiency  of  the 
system  [7].  Although  it  is  not  yet  clear  if  this  technique  can  be  translated  into  a 
commercial  product,  the  implication  of  their  work  is  clear:  research  into  nanostructures 
may  one  day  result  in  significantly  more  efficient  solar  cells  capable  of  producing  energy 
at  the  same  cost  as  traditional  methods. 

Other  applications  of  semiconductor  nanostructures  include  more  powerful  and 
longer  lasting  lithium  ion  batteries  [8],  increased  energy  storage  in  capacitors  [8],  and 
nanoscale  lasers  [9].  Nanoscale  lasers  have  the  potential  to  produce  highly  localized  and 
monochromatic,  single  wavelength  light  [10].  Since  they  can  be  easily  coupled  with 
other  nanoscale  structures,  such  as  quantum  dots  or  even  small  biological  specimens,  they 
will  most  likely  become  critical  components  of  new  nanophotonics  [10],  Zinc  oxide 
(ZnO)  nanowires  are  particularly  interesting,  since  they  have  been  observed  to  transition 
to  laser  oscillation  at  room  temperature  [10].  As  research  into  semiconductor 
nanostructures  continues,  the  list  of  potential  applications  will  continue  to  grow. 

C.  DEFENSE  RELEVANCE 

The  defense  organizations  of  the  United  States  are  continually  striving  for 
smaller,  more  efficient,  and  more  capable  defense  technologies  to  enhance  the 
effectiveness  and  survivability  of  American  personnel  and  weapon  systems.  Consider, 
for  instance,  the  modem  soldier.  Average  soldiers  carry  over  140  pounds  of  equipment 
while  on  patrol  or  in  combat  [11],  Some  of  this  weight  consists  of  electronic  systems  and 
the  batteries  needed  to  power  them  [12],  Developing  new  technologies  based  on 
nanoscale  structures  that  reduce  this  burden  without  sacrificing  capability  is  critical  to 
deploying  more  mobile,  efficient,  and  effective  soldiers. 
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Laser  action  in  nanowires  also  has  important  defense  applications  that  range  from 
new  battlefield  medical  technologies  to  information  processing.  Other  potential  defense 
applications  of  nanotechnology  are  seemingly  endless.  Smaller  electronic  and  power 
systems  not  only  benefit  soldiers,  but  may  also  result  in  lighter,  more  capable  warships, 
planes,  and  tanks  that  are  cheaper  to  man,  fuel,  and  maintain.  Nanoscale  sensors 
potentially  offer  improved  response  times,  sensitivity,  and,  because  of  their  small  size, 
can  be  unobtrusively  placed  almost  anywhere  [12].  As  research  continues  and 
knowledge  of  nanostructures  increases,  more  useful  defense  applications  of  this  new 
technology  will  undoubtedly  arise. 

Thus,  systems  based  on  nanostructures  have  the  potential  to  reduce  the  size, 
weight,  and  cost  of  current  military  technologies  while  simultaneously  increasing  their 
performance,  resulting  in  a  more  capable  and  mobile  force.  A  fundamental 
understanding  of  nanostructures  will  also  allow  the  development  and  deployment  of  a 
variety  of  new  defense  and  homeland  security  applications  that  range  from  power 
generation  to  new  weapon  systems.  Therefore,  investment  and  continued  research  in  this 
area  is  critical  to  America’s  current  and  future  security. 

D.  IMPORTANCE  OF  THE  MINORITY  CARRIER  DIFFUSION  LENGTH 

An  understanding  of  a  nanostructure’s  properties  is  required  before  scientists  and 
engineers  can  begin  developing  new  applications  and  technologies  based  upon  it.  For 
instance,  the  so  called  “minority  carrier  devices,”  such  as  light  emitting  diodes  (LEDs)  or 
bipolar  transistors,  depend  upon  the  behavior  of  injected  minority  carriers,  so  an 
understanding  of  the  minority  carrier  diffusion  length  is  critical  to  their  operation.  As  the 
dimensions  of  a  material  decrease,  the  surface  plays  an  increasingly  important  role  and 
other  defects,  such  as  dopants  and  dislocations,  may  behave  differently  than  in  bulk 
material. 

A  detailed  discussion  of  the  minority  carrier  diffusion  length  is  provided  in  the 
next  chapter,  but  its  importance  is  initially  emphasized  here.  The  minority  carrier 
diffusion  length  is  the  characteristic  distance  for  the  decay  of  an  excess  carrier 
population.  There  are  two  types  of  mobile  charge  carriers  in  semiconductors:  negatively 
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charged  electrons  and  positively  charged  holes.  Depending  on  the  properties  of  the 
semiconductor,  there  will  be  more  holes  than  electrons  (p-type)  or  more  electrons  than 
holes  (n-type).  The  distance  a  minority  carrier  diffuses  after  its  creation  until  it  decays  by 
recombining  with  a  majority  carrier,  or  via  a  defect  site,  is  the  minority  carrier  diffusion 
length.  For  distances  less  than  the  diffusion  length,  excess  charge  carriers  are  present  and 
moving,  creating  useful  current.  That  current  can  then,  for  instance,  be  used  to  store 
energy  or  process  information.  For  distances  greater  than  this  length,  those  carriers  are 
not  present,  so  there  is  no  current  and,  therefore,  no  way  to  store  energy,  process 
information,  or  do  other  useful  work.  The  minority  carrier  diffusion  length  is  often 
considered  a  fundamental  measure  of  material  quality. 

E.  GALLIUM  NITRIDE  NANOWIRES  AND  ZINC  OXIDE 

NANOSTRUCTURES 

The  potential  applications  of  gallium  nitride  (GaN)  nanowires  have  generated 
much  interest.  Bulk  wurtzite  GaN  is  a  semiconductor  with  a  wide  band-gap  of  3.505 
electron  volts  (eY)  at  room  temperature,  making  it  useful  for  many  optoelectronic 
applications,  such  as  LEDs  capable  of  producing  light  in  a  range  of  wavelengths  from 
yellow  to  ultraviolet  [13].  Blue  LEDs,  in  particular,  are  important  components  of  high- 
density  optical  memory  [13].  Furthermore,  it  has  also  been  shown  that  it  is  possible  to 
construct  a  continuous  wave  blue  laser  based  on  GaN  [13].  Thus,  the  optical  properties 
of  GaN  nanowires  suggest  wide  potential  applications  that  include  LEDs,  laser  diodes, 
sensors,  and  other  nanophotonic  devices  [14]. 

Like  GaN,  ZnO  is  also  a  wide  band-gap  material  (Eg  =  3.37  eV  at  room 
temperature)  with  potential  optoelectronic  applications  [15].  Both  ZnO  nanobelts  and 
nanowires  have  demonstrated  lasing  properties  [15].  Also,  ZnO  nanowire  arrays 
demonstrate  field  emission  behavior,  promising  potential  applications  such  as  field 
emitters  in  flat  panel  displays  [15].  Researchers  at  EMPA,  the  Swiss  Federal 
Laboratories  for  Materials  Science  and  Technology,  have  recently  grown  sea  urchin 
shaped  nanostructures  whose  spines  consist  of  ZnO  nanowires  [16].  These  ZnO 
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structures  are  important  for  they  could  increase  the  efficiency  of  photovoltaic  devices, 
which  may  eventually  bring  down  the  cost  of  solar  power. 

Many  of  the  applications  just  described  are  minority  carrier  devices.  Thus,  an 
understanding  of  the  minority  carrier  diffusion  length,  and  a  means  for  direct 
measurement  of  this  length  in  ZnO  and  GaN  nanostructures,  is  critical  to  developing 
these  applications.  The  remainder  of  this  thesis  is,  therefore,  devoted  to  developing  a 
basic  understanding  of  the  minority  carrier  diffusion  length,  describing  the  near  field 
optical  scanning  technique  used  to  measure  it  in  ZnO  and  GaN  nanostructures,  and 
summarizing  and  analyzing  the  results. 
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II.  MINORITY  CARRIER  DIFFUSION  LENGTH 


A.  SEMICONDUCTOR  BASICS 

The  importance  of  minority  carrier  diffusion  cannot  be  understood  without  an 
understanding  of  basic  semiconductor  theory.  Semiconductors  contain  ranges  of  energy 
levels,  called  energy  bands,  of  which  two,  the  valence  and  conduction  bands,  are  critical 
to  semiconductor  applications.  At  the  lowest  energy  state  of  an  intrinsic  semiconductor 
(i.e.  T  =  0  K),  all  energy  levels  at  or  below  the  valence  band  contain  electrons,  but  all 
energy  levels  at  or  above  the  conduction  band  are  void  of  electrons  [17].  When  energy  is 
then  applied  to  the  semiconductor,  electrons  from  the  valence  band  will  gain  enough 
energy  to  enter  the  conduction  band  if  the  applied  energy  is  greater  than  the  energy 
difference  between  the  valence  and  conduction  bands,  the  band  gap  [17].  When  an 
electron  leaves  the  valence  band  to  enter  the  conduction  band,  the  energy  state  it 
occupied  in  the  valence  band  is  now  empty  [17].  This  empty  energy  state  is  called  a  hole, 
and,  since  an  electron  is  negatively  charged,  a  hole  is  positively  charged. 


Figure  2.  Energy  Band  Diagram  of  a  Generic  Semiconductor  (from  [18]) 
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B.  MINORITY  CARRIER  DIFFUSION 

If  no  external  forces  are  present,  such  as  an  electric  field,  diffusion  is  the 
mechanism  responsible  for  both  electron  movement  in  the  conduction  band  and  hole 
movement  in  the  valence  band.  Thermal  motion  will  cause  a  non-equilibrium  population 
of  holes  or  electrons  within  a  semiconductor  to  diffuse  until  they  are  uniformly 
distributed  throughout  the  semiconductor’s  volume  [17].  To  illustrate,  consider  exciting 
only  a  small  portion  of  semiconductor.  If  the  excitation  energy  is  greater  than  the 
material’s  band  gap,  electrons  from  the  valence  band  will  enter  the  conduction  band, 
leaving  holes  in  the  valence  band.  The  greatest  concentration  of  electrons  and  holes  is  at 
the  point  of  excitation.  Therefore,  diffusion,  seeking  a  uniform  distribution,  will  cause 
both  the  conduction  band  electrons  and  valence  band  holes  to  move  away  from  the 
excitation  source. 

In  equilibrium,  most  semiconductor  devices  do  not  have  an  equal  number  of 
electrons  and  holes.  They  are  doped,  meaning  that  they  have  an  excess  of  electrons  or  an 
excess  of  holes.  This  excess  could  be  unintentional,  caused  by  defects  or  irregularities  in 
their  growth  process,  or,  as  is  often  the  case,  intentional  due  to  the  controlled  addition  of 
dopants.  A  material  that  contains  an  excess  of  holes  is  said  to  be  doped  p-type,  and  a 
material  with  more  electrons  is  n-type.  For  example,  consider  a  p-type  material.  In  such 
a  material,  a  concentration  of  holes  is  present  in  the  valence  band  that  is  greater  than  the 
concentration  of  electrons  in  the  conduction  band.  When  excited,  electrons  in  the  valence 
band  will  enter  the  conduction  band  and  diffuse.  Likewise,  in  an  n-type  material,  the 
conduction  band  contains  a  majority  concentration  of  electrons.  Thus,  when  excited, 
electrons  in  the  valence  band  will  enter  the  conduction  band  leaving  holes  behind.  Those 
holes  will  then  diffuse.  Eventually  the  minority  carriers,  holes  in  an  n-type  material  or 
electrons  in  p-type  materials,  will  recombine  with  the  majority  carrier  in  the  opposing 
energy  band,  releasing  energy.  For  the  materials  analyzed  in  this  thesis,  some  fraction  of 
the  released  energy  is  in  the  form  of  light. 
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The  minority  carrier  diffusion  length,  La,  is  the  characteristic  length  a  minority 
carrier  will  diffuse  before  it  recombines  with  a  majority  carrier.  It  is  described 
mathematically  as 


where  k  is  Boltzmann’s  constant,  T  is  the  temperature,  p  is  the  minority  carrier  mobility, 
and  x  is  the  lifetime  of  the  minority  carrier.  Thus,  the  length  a  minority  carrier  will 
diffuse  depends  upon  temperature,  how  easily  it  moves  through  the  material,  p,  and  the 
length  of  time  between  its  creation  and  recombination  with  a  majority  carrier  or  a  defect 
state,  x. 

In  this  thesis,  minority  carrier  diffusion  lengths  of  ZnO  and  GaN  nanostructures 
were  measured  using  a  novel  technique:  near  field  scanning  microscopy  combined  with 
atomic  force  microscopy.  This  technique  allowed  the  author  to  capture  light  generated 
from  minority  carrier  recombination.  The  minority  carrier  diffusion  length  was  then 
extracted  from  this  optical  distribution.  The  next  chapter  describes  the  technique  in 
detail. 
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III.  IMAGING  CHARGE  TRANSPORT 


A.  IMAGING  CHARGE  TRANSPORT  VERSUS  EBIC 

There  are  two  types  of  characterization  techniques  that  one  can  use  to  directly 
measure  the  minority  carrier  diffusion  length  in  materials:  electron  beam  induced  current 
(EBIC)  and  imaging  charge  transport.  EBIC  measurements  require  a  Schottky-Ohmic 
contact  pair.  The  Schottky  contact,  which  is  needed  because  it  creates  an  internal  electric 
field,  is  usually  created  by  depositing  a  thin  film  of  metal  on  the  semiconductor.  The 
conduction  and  valence  band  energy  levels  of  the  semiconductor  do  not  equal  those  of  the 
metal,  and  as  a  result  there  is  a  band  discontinuity  at  the  metal-semiconductor  interface. 
A  space  charge  region  and  an  electric  field  are  formed  at  the  Schottky  contact.  If,  for 
instance,  EBIC  measurements  were  made  inside  a  scanning  electron  microscope  (SEM), 
as  shown  in  Figure  3,  the  SEM’s  electron  beam  would  be  used  to  excite  the 
semiconductor,  generating  electron-hole  pairs.  Minority  carriers  would  then  diffuse,  with 
some  eventually  reaching  the  Schottky  contact  where  they  would  be  accelerated  by  the 
electric  field  at  the  metal-semiconductor  junction,  creating  current  in  the  external  circuit. 
The  minority  carrier  diffusion  length  could  then  be  extracted  from  the  measured  current 
according  to 

/  ~  I0e~x,L“ 

where  I  is  current,  Io  is  the  maximum  current,  x  is  the  distance  of  the  generation  by  the 
electron  beam  from  the  metal-semiconductor  interface  of  the  electrical  contact,  and  Ld  is 
the  minority  carrier  diffusion  length  [19]. 
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Figure  3.  EBIC  Configuration  for  Measuring  Minority  Carrier  Diffusion  Length 


EBIC  is  capable  of  making  precise  and  accurate  minority  carrier  diffusion 


length  measurements,  but  it  is  a  difficult  measurement  to  make  on  nanostructures  because 
it  requires  making  nanoscale  electrical  contacts,  a  difficult  and  time  consuming  process, 
and  it  is  spatially  restricted  to  providing  information  about  the  area  immediately  adjacent 
to  the  contact.  In  contrast,  imaging  charge  transport  techniques,  which  depend  upon 
measuring  the  spatial  variation  of  cathodoluminescence  (CL),  are  not  spatially  restricted 
and  do  not  require  electrical  contacts. 

B.  CATHODOLUMINESCENCE 

Cathodoluminescence  is  the  emission  of  light  caused  by  the  interaction  of 
electrons  generated  from  an  electron  gun,  such  as  a  cathode  ray  tube,  with  another 
substance,  which,  in  this  thesis,  is  a  semiconductor  [20].  When  electrons  impact  the 
semiconductor,  electron-hole  pairs  are  created  and  diffuse.  When  a  minority  charge 
carrier  eventually  recombines  with  a  majority  carrier  across  the  band  gap,  the  wavelength 
of  the  emitted  light,  X,  is 
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where  h  is  Planck’s  constant,  c  is  the  speed  of  light,  and  Eg  is  the  band  gap  energy.  Thus, 
with  a  spectrometer,  it  is  possible  to  determine  the  intensity  of  emitted  photons  as  a 
function  of  wavelength,  as  shown  for  CL  from  ZnO  in  Figure  4.  The  band  edge 
luminescence,  the  shorter  wavelength  peak,  is  due  to  recombination  across  the  band  gap, 
while  the  longer  wavelength  broad  peak  (lower  energy  peak)  is  caused  by  recombination 
via  midgap  defects  or  surface  states  in  the  material. 


Wavelength  (nm) 

Figure  4.  Normalized  300  K  CL  Spectrum  of  a  ZnO  Nanowire 


If  coupled  with  optical  imaging,  CL  can  also  be  used  to  image  charge  transport  in 

bulk  and  thin  fdm  semiconductors.  One  approach  is  to  place  the  semiconductor  in  a  SEM 

with  an  optical  microscope  and  a  charge  coupled  device  (CCD)  camera.  SEMs  operate 

by  generating  an  electron  beam  that  scans  the  sample  to  form  an  image.  That  beam  can, 

however,  also  be  used  to  excite  the  semiconductor  at  one  specific  location,  which  is 

called  spot  mode,  creating  minority  carriers  that  diffuse  from  only  one  point  of  the 
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sample.  Thus,  if  the  electron  beam  is  kept  in  spot  mode,  the  CCD  camera  will  acquire  a 
spatially  resolved  image  of  the  resultant  CL  distribution,  as  shown  in  Figure  5. 


Figure  5.  2D  Image  of  intensity  distribution  due  to  diffusion  in  a  GaAs 

heterostructure.  Variations  in  intensity  are  indicated  by  false  color  imaging. 
The  beam  generates  charge  at  a  single  spot  in  the  center  of  the  image.  Size 
of  image  is  193  pm  width  by  87  pm  height  (from  [21]). 


For  minority  carrier  generation  from  a  point  source,  the  resultant  minority  carrier 
distribution,  TD ,  is 


V 


J 


where  S  is  the  drift  length,  L  is  the  diffusion  length,  g  is  proportional  to  the  generation 
rate  of  minority  carriers,  and  Ko  is  the  zeroth-order  modified  Bessel  function  of  the 
second  kind  [21].  Luber  et  al.,  showed  that  the  resultant  minority  carrier  distribution 
from  a  finite  generation  region  can  be  modeled  using  a  Gaussian  form  of  the  minority 
carrier  generation  distribution  function: 


J 
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where  r|  and  £  are  the  integration  variables  in  x  and  y  [21].  If  the  distance  x  from  the 
point  of  excitation  is  large,  greater  than  or  equal  to  ~5L,  K0  can  be  approximated  as  an 
independent  decaying  exponential  [21].  Thus,  the  distribution  is  approximated  as 

/  ~  ec*x 


where  C  is 


_S_  -VS2+4Z2  _S-Vs2+4L2 
21} +  21}  ~  2L2 


which  can  be  simplified  to 


C  =  {——)E 
2kT 


where  I  is  intensity,  x  is  distance,  k  is  Boltzmann’s  constant,  T  is  temperature,  and  La  is 
the  diffusion  length  [21].  If  no  electric  field  is  present  (E  =  0),  so  all  motion  is  due  to 
diffusion,  then 


-X 

/  ~  eL“ 

in  this  large  x  limit. 

To  illustrate,  consider  Figure  6,  which  is  a  plot  of  normalized  intensity  versus 
distance  for  different  bias,  and  therefore  electric  field,  values.  The  red  +0  V  line  is  the 
line  scan  through  the  two  dimensional  image  shown  in  Figure  5.  Figure  6  (b)  is  a  semi- 
logarithmic  plot  with  linear  regression  fits  of  the  tail  region  of  the  data  shown  in  Figure  6 
(a).  By  calculating  the  slopes  of  the  lines  in  Figure  6  (b),  one  can  determine  C  for  each 
bias  value  and,  since  E  is  known,  then  solve  for  La.  This  provides  then  a  contact-free 
method  for  determination  of  La. 
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Figure  6.  (a)  Line  scans  through  2D  intensity  images  showing  effects  of  diffusion  and 

drift  (from  [21]).  (b)  Semi-logarithmic  plots  of  the  tail  region  of  (a)  with 
linear  regression  (from  [21]). 


Due  to  diffraction  limitations,  each  pixel  of  the  silicon  CCD  camera  used  in  this 
technique  maps  to  a  region  of  approximately  400  nm.  Diffusion  lengths  for  the 
nanostructures  analyzed  in  this  thesis  are  expected  to  be  of  this  order  of  magnitude. 
Therefore,  only  one  to  two  pixels  would  detect  the  CL  generated  from  minority  carrier 
recombination,  so  it  is  not  possible  to  construct  a  spatially  resolved  image  of  minority 
carrier  diffusion  from  which  the  minority  carrier  diffusion  length  can  be  extracted.  Thus, 
one  cannot  use  this  camera  approach,  which  is  characterized  as  a  far  field  technique,  to 
obtain  minority  carrier  diffusion  length  measurements  in  the  nanostructures  of  interest. 
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C.  DIFFRACTION 

An  understanding  of  diffraction  is  critical  to  an  understanding  of  far  and  near  field 
imaging.  Diffraction  can  be  described  as  any  deviation  of  a  wave  front  when  that  wave 
encounters  an  obstacle  [22],  Thus,  since  light  has  wave  properties,  it  will  be  affected  by 
obstacles  in  its  path.  Of  particular  interest  is  what  happens  to  light  when  it  encounters 
small  openings,  such  as  the  circular  aperture  of  a  camera  or  a  microscope. 

D.  FAR  FIELD  IMAGING 

In  the  far  field,  the  lens  of  the  optical  device  is  many  wavelengths  away  from  the 
sample  being  imaged  [23].  In  this  regime,  after  a  beam  of  light  passes  through  a  circular 
aperture,  it  will  spread.  The  light  beam  will  form  a  circular  diffraction  pattern,  called  an 
Airy  disk,  whose  radius  increases  with  distance  [22]: 

L*  1.22  A 

r  = - 

D 

where  r  is  the  radius,  A  is  the  wavelength  of  light,  L  is  the  distance  between  the  object 
being  imaged  and  the  aperture,  and  D  is  the  diameter  of  the  lens.  The  angular  separation 
of  the  Airy  disk  is  defined  as 


D 

Rayleigh’s  criterion  for  just-resolvable  images  requires  that  the  angular  separation  of  the 
centers  of  image  patterns  not  be  less  than  the  Airy  disk’s  angular  separation  [22],  as 
shown  Figure  7.  This  translates  to  a  minimum  resolvable  distance  of  two  objects  near  the 
focal  plane,  xmm.  of 

x  =  f  AO 

min  J 

where  f  is  the  focal  length  of  the  optical  system  [22],  In  an  optical  microscope,  for 
instance,  this  results  in  an  xmm  of  approximately  A  [22],  The  most  sophisticated  far  field 
optical  systems  can  push  the  value  of  xmjn  to  a  theoretical  limit  of  A/2,  but  no  further  [23]. 
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Figure  7.  Schematic  Illustration  of  Airy  Patterns  and  Resolution  (from  [24]) 


For  all  the  ZnO  nanostructures  analyzed  in  this  thesis,  the  luminescence  peaks  at 
approximately  360  -  380  nm.  The  best  far  field  optical  systems  would,  therefore,  only  be 
capable  of  imaging  objects  that  are  approximately  190  nm  apart.  If  the  optical  system 
were  detecting  the  broad  defect  peak  of  Figure  4,  which  is  highest  at  approximately  530 
nm,  it  would  only  be  capable  of  resolving  distances  greater  than  approximately  265  nm. 
As  is  detailed  in  the  sixth  chapter,  Experimental  Results,  some  of  the  measured  diffusion 
lengths  in  this  thesis  are  as  low  as  150  nm.  Thus,  it  is  not  possible  to  use  far  field 
techniques  to  acquire  a  spatially  resolved  image  from  which  the  minority  carrier  diffusion 
length  of  these  structures  can  be  extracted. 

E.  NEAR  FIELD  IMAGING  WITH  NEAR  FIELD  SCANNING  OPTICAL 

MICROSCOPY 

Near  field  scanning  optical  microscopy  (NSOM)  overcomes  the  diffraction  limit 
of  far  field  techniques.  By  placing  an  NSOM  probe  close,  a  distance  less  than  X,  to  the 
surface  of  the  sample,  photons  are  not  diffracted  significantly.  Furthermore,  at  such  close 
distances,  near  field  evanescent  waves,  which  do  not  exist  in  the  far  field,  are  present  and 
provide  spatial  information  that  increases  resolution.  In  this  thesis,  the  aperture  of  the 
NSOM  probe  ranges  in  diameter  from  100  nm  to  1000  nm.  The  NSOM  probe  (an  optical 
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fiber)  is  used  simultaneously  as  an  AFM  probe  in  feedback  to  keep  the  tip  very  close, 
much  less  than  X,  to  the  nanostructure  emitting  the  light. 

The  NSOM  probe  is  a  drawn  fiber  optic  waveguide  that  transmits  collected 
photons  to  a  photon  detector.  The  semiconductor  nanostructure  being  imaged  is  excited 
using  the  electron  beam  of  the  SEM  in  spot  mode.  Next,  the  NSOM  probe  scans  the 
sample.  The  photon  detector  then  records  the  intensity  of  collected  light  as  a  function  of 
position,  as  shown  in  Figure  8.  Light  intensity  data  as  a  function  of  distance  along  the 
axis  of  the  wire,  the  blue  line  in  Figure  8,  can  then  be  extracted  and  plotted,  as  shown  in 
Figure  9.  For  a  one  dimensional  structure,  such  as  a  nanowire,  intensity  is 


1  = 


£  r~xl  Ld 
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where  g  is  the  generation  rate  of  electron-hole  pairs.  Thus,  the  minority  carrier  diffusion 
length  can  be  extracted  from  a  slope  of  the  semi-logarithmic  plot  of  the  data  contained  in 
Figure  9,  as  shown  in  Figure  10.  For  this  example,  the  minority  carrier  diffusion  length  is 
200  nm. 


Figure  8.  Light  collected  with  NSOM  from  an  unintentionally  doped  n-type  GaN 
nanowire.  The  blue  line  represents  the  axis  of  the  wire.  The  electron  beam 
is  incident  at  a  point  immediately  before  the  blue  line  at  the  bottom  of  the 

figure. 
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Figure  9.  Intensity  of  light  as  a  function  of  distance  along  the  axis,  the  blue  line,  of 

the  nano  wire  shown  in  Figure  8. 


Figure  10.  Semi-logarithmic  plot  of  the  data  in  Figure  9 


AFM  feedback  maintains  the  probe  just  nanometers  above  the  surface  of  the 
sample  [25],  Forces  acting  on  the  tip  are  a  combination  of  long  range  forces,  such  as  van 
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der  Waals  forces,  and  short  range  forces,  such  as  chemical  bonding  forces  [26]  (Figure 
11).  In  this  thesis,  the  AFM  probe  is  a  cantilever  that  is  dynamically  vibrating  at  its 
resonance  frequency  on  a  tuning  fork.  Any  change  in  height,  the  z-axis  of  Figure  11,  will 
change  the  forces  acting  on  the  AFM  probe,  and,  therefore,  also  affect  the  phase  and 
amplitude  of  the  frequency  at  which  the  cantilever  is  oscillating.  Using  a  feedback 
system  that  monitors  the  phase  or  amplitude  of  oscillations,  the  height  of  the  AFM  probe 
is  adjusted  to  maintain  a  constant  phase  or  amplitude.  Thus,  a  constant  height  above  the 
sample  is  also  maintained.  The  next  chapter  describes  the  combined  NSOM/AFM 
system  used  in  this  research  in  detail. 


2(nm) 

Figure  11.  Forces  on  an  AFM  Tip  (from  [25]) 
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IV.  EXPERIMENTAL  SETUP 


A.  EQUIPMENT 

Near  field  imaging  of  charge  carrier  transport  was  conducted  with  an  integrated 
AFM  and  NSOM  system  inside  a  SEM.  The  SEM  is  a  JEOL  840A  and  the  NSOM/AFM 
system  is  the  MultiView  2000  manufactured  by  Nanonics  LTD.  Additionally,  two 
photon  detectors  were  used:  the  Perkin-Elmer  MP-983  and  the  Perkin-Elmer  SPCM- 
AQR-14.  Figure  12  shows  the  equipment  used  for  experiments  in  this  thesis. 


Figure  12.  Overview  of  Experimental  Equipment 


1.  SEM 

The  JEOL  840A  scanning  electron  microscope  generates  electrons  thermionically 
from  a  tungsten  filament  into  an  evacuated  environment.  The  electrons  are  focused  into  a 
beam  whose  diameter  is  a  function  of  current.  Table  1  summarizes  surface  spot  size  of 
the  beam  at  30  keV  in  the  SEM  for  currents  of  3xl0"u  A  to  10"9  A.  The  electron  beam  is 
focused  by  passing  it  through  scanning  coils  in  the  objective  lens  that  horizontally  and 
vertically  deflects  it.  In  this  thesis,  the  SEM  was  operated  in  one  of  three  modes:  picture, 
line,  and  spot. 
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Probe  Current  (A) 

16%-24%  (2a)  (nm) 

FWHM  (nm) 

3xl0~n 

39 

46 

lxlO'10 

48 

56 

3xl0'10 

107 

126 

lxlO'9 

139 

163 

Table  1 .  Beam  Diameter  as  a  Function  of  Probe  Current  at  30  keV  (from  [27]) 


When  operating  in  picture  mode,  the  electron  beam  performs  a  line-by-line  scan 
of  a  rectangular  area  by  deflecting  the  beam  both  horizontally  and  vertically.  This  is 
known  as  a  raster  scan,  and  the  SEM  performs  this  at  a  rate  of  60  Hz  [28].  When  the 
beam  is  incident  on  the  sample,  secondary  electrons,  whose  intensity  varies  with  the 
topography  of  the  sample,  are  emitted  [27],  It  is  these  variations  that  provide  the  SEM 
image  [27]. 

In  line  mode,  the  beam  is  deflected  horizontally,  but  not  vertically  [28].  The 
beam,  therefore,  scans  along  a  single  horizontal  line,  hence  the  name.  In  this  mode,  it  is 
not  possible  to  generate  a  picture,  and  there  is  no  visual  feedback  to  the  operator. 

In  spot  mode  the  beam  is  neither  deflected  horizontally  nor  vertically  [28],  Thus, 
the  beam  hits  only  at  a  single  point  of  the  sample.  The  size  of  the  area  excited  by  the 
beam  is,  as  shown  in  Table  1,  a  function  of  current  and  of  the  energy  of  the  incident 
electrons.  As  in  line  mode,  visual  back  is  also  not  possible  in  this  mode. 

2.  NSOM/AFM 

The  Nanonics  MultiView  2000  is  the  NSOM/AFM  system  used  in  this  thesis. 
The  system  consists  of  an  integrated  AFM  and  NSOM  probe  that  provides  unobstructed 
optical  access  to  the  sample.  With  both  top  and  bottom  scanning  plates,  the  system  is 
also  capable  of  independent  tip  and  sample  scanning. 
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The  integrated  probe  is  connected  to  a  photon  detector  via  an  optical  fiber.  The 
photon  detector,  either  an  avalanche  photodiode  or  a  photomultiplier  tube,  serves  as  a 
photon  counter  that  sends  light  intensity  data  to  a  Nanonics  software  program  that 
combines  this  data  with  position  data.  Figures  13  through  16  details  the  MultiView  2000 
and  how  it  was  integrated  into  the  JEOL  840A  SEM. 


Figure  13.  Nanonics  MultiView  2000 


Figure  15.  Nanonics  MultiView  2000  Inside  the  SEM  Chamber 


Figure  16.  Optical  Fiber  Exiting  SEM  Chamber 


In  the  MultiView  2000  system,  AFM  is  performed  with  tuning  fork  feedback. 
Figure  17  details  the  AFM/NSOM  tuning  fork  apparatus.  The  cantilever  probe,  which  in 
this  system  is  also  the  tip  of  the  NSOM  fiber,  is  glued  to  the  tuning  fork.  Figure  18  is  a 
SEM  picture  of  the  probe  tip.  As  explained  in  the  previous  chapter,  the  probe  is 
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dynamically  vibrating  at  the  resonant  frequency  of  the  tuning  fork,  and  any  change  in  the 
height  of  the  probe  will  cause  the  phase  and  amplitude  of  cantilever  oscillations  to 
deviate  from  the  free  space  resonance.  Thus,  by  employing  a  phase  or  amplitude 
feedback  system  to  adjust  probe  height  in  order  to  maintain  a  constant  phase  or 
amplitude,  the  probe  height  above  the  sample  is  also  held  constant.  Since  phase  feedback 
is  ten  times  more  sensitive  than  amplitude  feedback  [28],  only  phase  feedback  was  used 
in  this  thesis. 


Tuning  f  ork 


j 


V 


* 


Figure  17.  NSOM/AFM  Probe  Schematic  (from  [29]) 


Figure  18.  SEM  Picture  of  NSOM/AFM  Tip  (from  [28]) 
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As  shown  in  Figure  13  and  Figure  15,  the  MultiView  2000  provides  an 
unobstructed  view  of  the  sample,  so  the  SEM’s  electron  beam  has  an  unobstructed  path  to 
the  nanostructure  being  imaged.  This  is  critical  to  the  transport  imaging  technique  and 
unique  to  the  MultiView  2000.  Most  AFM  systems  monitor  probe  motion  with  a  laser- 
mirror  combination  that  obstructs  the  view  of  the  sample  [28],  In  such  systems,  the 
SEM’s  electron  beam  could  not  reach  the  sample,  and,  therefore,  could  not  generate 
minority  carriers  that  diffuse  and  generate  light  through  recombination  with  majority 
carriers.  Thus,  NSOM  is  possible  only  in  those  systems,  such  as  the  MultiView  2000, 
that  provide  an  unobstructed  view  of  the  sample. 

NSOM  diffusion  measurements  require  that  the  electron  beam  remain  fixed  on  a 
single  location  of  the  sample  to  provide  a  fixed  source  of  carrier  generation  and  ensure 
that  minority  carriers  diffuse  from  only  one  location.  This  requires  that  the  sample 
remain  stationary  while  the  NSOM  collecting  tip  scans.  Since  the  MultiView  2000 
contains  both  top  and  bottom  scanning  plates  that  allow  for  tip  and  sample  scanning 
respectively,  this  is  possible  with  this  system  [30], 

Figure  19  displays  the  high  voltage  (HV)  piezo  drivers  for  the  upper  and  lower 
stages,  the  photon  counter  and  power  supply  for  the  photon  detector,  and  the  scanning 
probe  microscopy  (SPM)  controller.  The  SPM  controller  is  used  to  adjust  AFM  feedback 
settings.  Further  information,  and  detailed  specifications,  of  the  MultiView  2000  are 
included  as  Appendix  A. 
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Figure  19.  Clockwise  from  Top  Left  Comer:  Upper  Stage  HV  Piezo  Driver,  Counter 
and  Power  Supply  for  the  Photon  Detector,  Lower  Stage  HY  Piezo  Driver, 

and  the  SPM  Controller 


3.  Photon  Detectors 

The  Perkin-Elmer  SPCM-AQR-14  photon  detector  is  a  silicon  avalanche 
photodiode  (APD)  that  can  detect  wavelengths  of  light  from  400  nm  to  1060  nm  with  a 
peak  quantum  efficiency  of  65  percent  at  650  nm  [31].  Some  GaN  nanowire 
measurements  were  made  using  the  SPCM-AQR-14  by  utilizing  the  collection  of  the 
broad  defect-related  luminescence  in  the  visible  part  of  the  spectrum.  The  Perkin-Elmer 
MP-983  is  a  channel  photomultiplier  detector  optimized  for  ultraviolet  (UV)  detection 
that  can  detect  wavelengths  of  light  from  185  nm  to  650  nm  with  a  peak  quantum 
efficiency  of  20  percent  from  approximately  250  nm  to  400  nm  [32],  It  is  important  to 
note  that  use  of  the  MP-983  to  detect  UV  light  also  requires  the  use  of  a  UY  optimized 
NSOM  fiber.  All  ZnO  nanostructure  measurements  and  some  GaN  nano  wire 
measurements  were  made  using  the  MP-983  since  this  allows  for  the  detection  of  UV 
band  to  band  emission.  Detector  specifications  are  included  as  Appendix  B  (SPCM- 
AQR-14)  and  Appendix  C  (MP-983).  Figure  20  and  Figure  21  show  the  SPCM-AQR-14 
and  MP-983  respectively. 
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Figure  20.  SPCM-AQR-14  Photon  Detector 


Figure  21 .  MP-983  Photon  Detector 


B.  EXPERIMENTAL  APPROACH 

All  diffusion  length  measurements  were  made  with  the  SEM  in  spot  mode.  Line 

mode  was  used  to  map  the  standard  CL  emitted  by  some  nanostructures  the  author  has 

classified  as  “Other  Nanostructures”  (see  Chapter  VI),  but  no  minority  carrier  diffusion 
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length  measurements  were  made  with  this  mode.  Picture  mode  was  used  to  locate 
nanostructures,  position  the  tip  on  the  nanostructure,  and  position  the  electron  beam 
crosshairs  for  spot  mode  operation  on  the  nanostructure.  Picture  mode  was  also  used  to 
determine  the  region  for  collection  of  the  CL  spectrum  of  nanostructures,  such  as  the  one 
shown  in  Figure  4. 

Figure  22  shows  a  typical  tip,  beam,  and  nanostructure  arrangement.  Once 
positioned,  the  SEM  will  be  set  to  spot  mode  and  the  picture  will  disappear,  but  the 
electron  beam  will  remain  stationary  and  centered  just  below  the  tip  on  the  crosshairs. 
Finally,  the  tip,  like  the  raster  scan  of  the  electron  beam  in  picture  mode,  will  scan 
horizontally  across  the  screen,  moving  up  vertically  after  each  horizontal  scan. 


Figure  22.  Typical  Tip,  Beam,  and  Nanostructure  (ZnO  Nanobelt)  Arrangement 

When  taking  NSOM  measurements,  there  are  several  factors  that  must  be 
addressed  to  obtain  accurate  results.  Among  the  most  important  is  limiting  excess  charge 
inside  the  SEM.  Excess  charge  will,  if  the  associated  field  is  large  enough,  deflect  the 
SEM’s  electron  beam,  causing  picture  distortion  [28],  thus  making  it  difficult,  perhaps 
impossible,  to  properly  position  the  tip,  beam,  and  nanostructure.  To  limit  charge 
buildup,  it  is  essential  to  ground  the  sample  by  placing  a  grounding  strap  from  the  sample 
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to  the  bottom  stage.  In  this  thesis,  this  was  done  by  using  copper  tape  and  copper  wire  to 
connect  the  sample  to  the  bottom  stage.  Also,  as  shown  by  Commander  L.  Baird,  the 
glue  that  connects  the  NSOM  fiber  to  the  cantilever  is  a  source  of  excess  charge  [28]. 
Recently,  however,  this  has  become  less  of  an  issue  because  the  manufacturer,  Nanonics, 
changed  the  type  and  reduced  the  amount  of  glue  in  response  to  Commander  Baird’s 
original  results. 

The  most  delicate,  and  challenging,  portion  of  any  NSOM  measurement  occurs  at 
the  intersection  of  the  tip  and  sample.  Both  the  tip  and  sample  are  fragile  structures  and 
are  easily  damaged  or  destroyed  if  they  collide  with  too  much  force.  Thus,  to  ensure 
proper  and  safe  operation,  the  operator  must  first  calibrate  the  AFM  probe  by  performing 
the  AFM  lock-in  procedure  in  NWS  Ver  1760,  the  software  program  used  to  control 
AFM/NSOM  scans.  This  sets  the  force  level  between  tip  and  sample  and  creates  the 
feedback  loop  to  adjust  the  tip  height  during  a  scan.  Those  procedures  are  listed  below. 

1 .  In  the  Lockln  window,  select  phase  or  amplitude  feedback.  In  this  thesis, 
only  phase  feedback  was  used. 

2.  Set  the  total  gain.  The  default  value  recommended  by  the  manufacturer 
is  60. 

3.  Conduct  a  magnitude  sweep  by  selecting  magnitude  in  the  sweep  signal 
box.  Sweep  over  a  range  of  frequencies  that  includes  the  manufacturer 
listed  resonance  frequency.  This  will  result  in  a  graph  that  peaks  at  the 
resonance  frequency  of  the  probe. 

4.  To  increase  the  amplitude  of  the  peak,  increase  the  oscillation  (OSC)  out 
gain.  To  decrease  the  amplitude,  decrease  the  OSC  out  gain.  Repeat 
steps  three  and  four  until  the  amplitude  of  the  peak  is  between  the 
manufacturer  recommend  values  of  8.0  and  8.5.  When  this  is  achieved, 
hit  the  set  frequency  button. 

5.  Depress  the  autophase  button. 
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6.  Conduct  a  squared  sweep  by  selecting  squared  in  the  sweep  signal  box. 
Sweep  over  the  same  range  of  frequencies  used  in  the  third  step. 

7.  In  the  graph  produced  by  the  previous  step,  move  the  red  cursor  to  the 
position  where  the  amplitude  is  zero. 

8.  Depress  the  set  frequency  button. 

9.  Click  finish. 

Even  after  the  AFM  lock-in  procedure  has  been  completed,  the  tip  may  still 
interact  with  nanostructures  with  enough  force  to  cause  damage.  The  danger  of  this  can 
be  limited,  however,  by  limiting  the  set  point.  The  set  point  controls  the  amount  of  force 
applied  to  the  tip.  To  illustrate,  imagine  a  level  surface  that  suddenly  increases  in  height, 
such  as  when  a  tip  approaches  a  nanostructure  from  the  substrate,  and  think  of  the  set 
point  as  a  spring  that  pushes  down  on  the  tip.  A  high  set  point,  therefore,  is  similar  to  a 
strong  spring  pushing  against  the  tip.  This  makes  it  difficult  to  increase  the  tip  height 
when  it  encounters  increases  in  elevation,  but  easy  to  decrease  its  height  when  it 
encounters  decreases  in  elevation.  Therefore,  a  high  set  point  may  not  allow  the  tip  to 
increase  its  height  enough  to  avoid  colliding  with  the  nanostructure.  A  set  point  that  is 
too  low,  though,  will  lose  contact  with  sample,  resulting  in  no  topography  data.  Thus, 
when  first  beginning  an  NSOM  scan,  one  should  start  with  a  low  set  point,  which,  in  this 
thesis,  was  -0.5,  and  slowly  increase  it  to  the  point  that  the  AFM  probe  will  respond  to 
spatial  changes  in  height  without  potentially  deforming  or  moving  the  nanostructure  of 
interest. 
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V.  NANOSTRUCTURE  GROWTH  PROCESSES 


The  nanostructures  analyzed  in  this  thesis  were  grown  using  one  of  three 
processes:  hydrothermal  (HT),  molecular  beam  epitaxy  (MBE),  or  physical  vapor 
deposition  (PVD).  All  GaN  nanowires  were  grown  by  MBE.  Some  ZnO  nanowires  were 
synthesized  by  HT  with  the  remainder  manufactured  by  the  PVD  process.  All  ZnO 
nanobelts  were  grown  by  PVD.  The  ZnO  nanostructures  were  grown  by  the  students  of 
Dr.  Zhong  L.  Wang  at  the  Georgia  Institute  of  Technology.  The  GaN  nanowires  were 
grown  by  Kris  Bertness  et  al.,  at  the  National  Institute  of  Standards  and  Technology.  A 
brief  overview  of  each  growth  technique  is  given  below. 

A.  HYDROTHERMAL 

In  the  hydrothermal  method,  crystals  are  grown  in  an  aqueous  solvent  [33].  In  its 
most  general  form,  the  hydrothermal  process  involves  placing  source  material  into  a  tube 
surrounded  by  heaters,  suspending  a  seed  crystal  above  the  source,  and  then  finally 
adding  a  water-based  solution  to  the  tube  before  it  is  sealed  shut,  as  shown  in  Figure  23. 
If  the  source  end  of  the  tube  is  heated  to  a  higher  temperature  than  the  seed  crystals, 
dissolved  source  material  will  migrate  toward  the  seed,  crystallizing  on  its  surface. 


Source  Tube 


Autoclave 


Heaters 


^  Thermocouples 


Figure  23.  Hydrothermal  Growth  Process  (from  [33]) 
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The  specific  growth  process  used  by  the  researchers  at  Georgia  Tech  is  a  variant 
of  this  general  process.  Instead  of  using  ZnO  seeds,  ZnO  nanowires  were  grown  directly 
onto  a  substrate.  For  example,  a  uniform  crystalline  thin  layer  of  gold  can  be  formed  on 
a  silicon  substrate  by  depositing  and  annealing  approximately  50  nm  of  gold  onto  that 
substrate  [34],  When  floated  in  a  source  solution,  such  as  an  aqueous  solution  that 
contains  zinc  nitrate  and  hexamethylenetetramine  (HMTA),  Zn  and  O  '  ions  will 
combine  and  then  crystallize  on  the  thin  gold  film,  forming  ZnO  nanowires  [34],  The 
growth  process  is  controlled  by  adjusting  reaction  parameters,  such  as  growth 
temperature  or  growth  time  [34],  For  the  transport  studies  in  this  thesis,  all  HT 
nanowires  were  transferred  from  the  substrate  on  which  they  were  grown  to  a  silicon 
substrate  that  was  not  coated  with  thin  films.  The  dimensions  of  the  HT  nanowires 
analyzed  in  this  thesis  are  approximately  1  to  2  pm  long  by  200  to  500  nm  wide.  Figure 
24  is  a  SEM  image  of  nanowires  grown  by  the  HT  process. 


Figure  24.  HT  Grown  Nanowires  (20, 1 86X) 
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B. 


MOLECULAR  BEAM  EPITAXY 


In  MBE,  beams  of  atoms  are  produced  by  heating  a  solid  source  to  a  gas  in  an 
effusion  cell.  Those  beams  are  then  emitted  from  the  effusion  cell  into  a  vacuum 
environment  where  they  impact  a  hot  substrate,  forming  a  thin  film  [35],  The  growth 
process  is  controlled  by  changing  the  evaporation  conditions  of  the  source  material  or  by 
physically  interrupting  the  beam  using  mechanical  shutters  placed  between  the  effusion 
cells  and  the  substrate  [36].  The  process  is  shown  schematically  in  Figure  25. 


Effusion  Cells  Atom  Beams  Substrate 


Figure  25.  Simplified  MBE  Process 


The  GaN  nanowires  grown  by  NIST  were  synthesized  in  a  conventional  MBE 
system  with  Gallium  (Ga)  and  Aluminum  (Al)  sources  [37],  A  radio  frequency  (RF) 
plasma  nitrogen,  N2,  source  was  also  used  [37],  First,  a  thin  30  to  120  nm  buffer  layer  of 
aluminum  nitride  (AIN)  was  grown  on  a  silicon  substrate  [37].  Then,  the  nanowires  are 
grown  on  the  AIN  substrate  by  imposing  high  temperatures  (810  -  830  °C)  with  high  N2 
overpressure  to  cause  spontaneous  nucleation  of  GaN  nano  wires  [37],  The  wurtzite 
structure  wires  grown  with  this  method  had  hexagonal  cross  sections  and  widths  of 
approximately  0.5  to  0.6  pm  [37],  Again,  all  nanowires  for  NSOM  transport  imaging 
were  transferred  to  a  bare  silicon  substrate.  Figure  26  shows  a  SEM  image  of  GaN 
nanowires  grown  by  the  MBE  process. 
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Figure  26.  MBE  Grown  Nanowires  (2,65  IX) 


C.  PHYSICAL  VAPOR  DEPOSITION 

The  basic  PVD  process  consists  of  subjecting  source  materials  in  powder  form  to 
high  temperatures  to  vaporize  them  in  order  to  subsequently  deposit  the  source  material 
onto  a  substrate  [38].  Typically,  PVD  synthesis  is  performed  in  an  alumina  or  quartz 
tube  located  in  a  horizontal  tube  furnace  [38].  Once  vaporized,  the  source  vapor  is 
carried  by  inert  gas  to  a  lower  temperature  region  where  the  vapor  becomes 
supersaturated,  thus  allowing  the  excess  solute  in  the  vapor  to  crystallize  [38],  Upon 
reaching  the  substrate,  nucleation  and  growth  of  nanostructures  begins  [38],  The  process 
is  illustrated  in  Figure  27. 
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Figure  27.  Simplified  PVD  Process  (from  [38]) 


Employing  this  process,  Georgia  Tech  researchers  grew  ZnO  nanobelts  with 
rectangle  like  cross  sections  with  widths  that  ranged  from  30  nanometers  to  tens  of 
micrometers,  lengths  up  to  millimeters,  and  thicknesses  of  a  few  nanometers  to  tens  of 
nanometers  [39],  With  this  method,  they  also  grew  nanowires  that,  for  the  studies  in  this 
thesis,  had  widths  of  up  to  2  pm  and  lengths  up  to  hundreds  of  micrometers.  Figure  28  is 
a  SEM  image  of  PVD  ZnO  nanowires,  and  Figure  29  is  a  SEM  image  of  a  ZnO  nanobelt. 


NOmT  1000V  17.JS4SC  WO  196mm  lum  .  3.' 11*3010 

Figure  28.  PVD  ZnO  Nanowires  (17,254X) 
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Figure  29.  PVD  ZnO  Nanobelt  (17,254X) 
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VI.  EXPERIMENTAL  RESULTS 


In  this  chapter,  results  are  presented  for  the  following  materials:  p-type,  n-type, 
and  unintentionally  doped  n-type  GaN  nanowires;  HT  and  PVD  ZnO  nanowires;  PVD 
ZnO  nanobelts;  and  ZnO  other  nanostructures,  which  are  structures  whose  surface 
topographies  are  unique  and  not  typical  of  nano  wires  or  nanobelts.  A  summary  of  all 
measurements  is  presented  at  the  end  of  this  chapter  in  Table  2.  The  CL  spectra  of  all 
nanostructures  were  measured  before  NSOM  measurements  were  made  to  determine  the 
intensity  and  wavelengths  of  emitted  light,  which  in  turn  determined  which  photon 
detector  to  use  and  what  diameter  NSOM  tip  aperture  would  be  needed  (the  less  intense 
the  light  the  larger  the  tip  aperture  required). 

The  “Other  Nanostructures”  category  contains  ZnO  PVD  nanostructures  with 
unique  topographic  characteristics.  A  SEM  image  of  a  typical  individual  PVD  ZnO 
nanowire  is  shown  in  Figure  30.  The  SEM  image  of  a  typical  ZnO  nanobelt  is  shown  in 
Figure  31,  and  Figures  32  and  33  show  examples  of  nanostructures  with  characteristics 
typical  of  those  classified  in  the  “Other  Nanostructures”  category.  Note  the  variable 
topography  of  the  structures  in  Figures  32  to  33  as  compared  to  the  uniform  topographies 
of  the  nanowire  in  Figure  30  and  the  nanobelt  in  Figure  31.  The  structure  in  Figure  32, 
for  instance,  narrows  at  repeated  points,  like  kinks  in  a  water  hose.  Similarly,  the 
structure  in  Figure  33  has  an  irregular  ridge-like  structure  on  its  surface.  These 
irregularities  produce  unique  optical  waveguiding  and  interference  effects  that  impact 
minority  carrier  diffusion  length  measurements  derived  from  transport  imaging. 
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Figure  30.  SEM  Image  (25,661X)  of  a  Typical  ZnO  PVD  Nanowire 


10pm  EHT  *  5.00  kV  Signal  A  =  Inlens  Date  28  Sep  2010 

Mag  =  1.86  KX  | - 1  WD=  4  mm  Photo  No.  =  7417  Time  :0  28 .06 


Figure  3 1 .  SEM  image  (1860X)  of  a  typical  PVD  ZnO  nanobelt.  The  long  structure 
that  spans  from  the  lower  left  comer  to  the  upper  right  comer  is  the 
nanobelt.  Photo  courtesy  of  Dr.  Zhong  Lin  Wang  of  the  Georgia  Institute  of 

Technology. 
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Figure  32.  SEM  Image  (15,817X)  of  a  Nanostructure  with  Variable  Surface 

Topography 


Figure  33.  SEM  Image  (20, 176X)  of  a  Nanostructure  with  Variable  Surface 

Topography 
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A. 


CATHODOLUMINESCENCE 


As  described  earlier,  cathodoluminescence  (CL)  measurements  were  made  on  all 
structures  prior  to  transport  imaging.  CL  was  generated  inside  the  JEOL  840A  SEM  with 
an  acceleration  voltage  of  20  keV  and  a  probe  current  of  6xlO~10  A.  CL  was  collected  via 
a  parabolic  mirror,  passed  through  a  %  m  grating  monochromater,  and  detected  by  a 
GaAs  photomultiplier  tube. 

1.  GaN  Nanowires 

Figures  34  and  35  present  the  CL  spectra  of  n-type,  p-type,  and  unintentionally 
doped  n-type  GaN  nanowires.  The  band-edge  luminescence,  as  seen  most  clearly  in 
Figure  35,  is  at  360  nm  at  room  temperature.  Also,  note  the  luminescence  at  450  nm  for 
the  p-type  sample,  and  the  broad  defect  peaks  from  400  nm  to  approximately  700  nm  for 
all  the  samples.  At  the  time  that  the  first  measurements  of  these  samples  were  made,  the 
only  available  photon  detector  was  the  SPCM-AQR-14,  which  detects  light  from  400- 
1060  nm.  Since  all  samples  luminesce  in  this  range,  that  was  acceptable.  However,  for 
best  results,  a  detector  sensitive  to  the  band-edge  luminescence  is  needed.  Therefore,  the 
MP-983,  sensitive  to  light  of  wavelengths  from  185  nm  to  650  nm,  was  procured  and 
added  to  detection  capability. 


44 


GaN  N-Type 


200  300  400  500  600  700  800 

Wavelength  (nm) 


45 


GaN  N-Type 


c n 
'c 

_q 

U) 

c 

CD 


o 


200  300  400  500  600  700 

Wavelength  (nm) 


300 


GaN  P-Type 


Wavelength  (nm) 


Figure  35.  Semi  Logarithmic  Plot  (Y-Axis  Scale  is  the  Natural  Logarithm  of  Intensity) 
of  the  Normalized  CL  Spectra  of  GaN  Nanowires  at  300  K 
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2. 


ZnO  Nanostructures 


Room  temperature  CL  of  ZnO  nanostructures  was  also  performed.  In  Figure  36 
and  Figure  37  note  that  there  are  three  spectra  of  PVD  grown  structures:  the  red,  blue, 
and  green  lines.  In  this  thesis,  three  samples  composed  of  PVD  nanostructures  were 
tested,  with  the  sample  indicated  by  the  red  line  in  Figures  36  and  37  containing  a 
mixture  of  PVD  nanowires  and  nanobelts.  The  remaining  sample,  indicated  by  the  black 
line,  contained  only  HT  nanowires.  The  overall  intensity,  as  well  as  the  ratio  of  band 
edge  to  defect  luminescence,  varies  from  sample  to  sample,  even  for  a  similar  growth 
technique. 

The  band-edge  luminescence,  as  seen  most  clearly  in  Figure  37,  is  at  380  nm. 
There  is  also  a  broad  defect  peak  from  420  nm  to  700  nm  in  all  the  samples,  but  this  peak 
varies  in  intensity  from  sample  to  sample.  In  the  HT  sample  it  is  actually  greater  in 
intensity  than  the  band-edge  luminescence.  Thus,  to  ensure  that  as  much  light  as  possible 
was  collected  during  NSOM  measurements,  the  MP-983  photon  detector,  sensitive  to 
both  the  band  edge  luminescence  and  defect  luminescence,  was  used. 
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CL  Intensity  (arb  units) 


Figure  36.  CL  Spectra  of  ZnO  Nanostructures  at  300  K 


48 


Wavelength  (nm) 

Figure  37.  Semi  Logarithmic  Plot  (Y-Axis  Scale  is  the  Natural  Logarithm  of  Intensity) 
of  the  Normalized  CL  Spectra  of  ZnO  Nanostructures  at  300  K 


B.  NSOM  IMAGING  OF  NANOWIRES 

In  the  following  series  of  images,  the  NSOM  results  are  presented,  followed  by 
composite  AFM/NSOM  images  and  the  slope  analysis  to  extract  Ld,  the  minority  carrier 
diffusion  length,  as  described  in  Chapter  3.  In  all  cases,  excitation  was  performed  with 
the  SEM  in  spot  mode  with  an  acceleration  voltage  of  20  keY.  Figures  38  to  40  present 
results  for  n-type  GaN  nanowires,  Figures  41  to  43  for  unintentionally  doped  n-type  GaN 
nanowires,  and  Figures  44  to  46  for  p-type  GaN  nanowires.  Results  for  HT  ZnO 
nanowires  are  presented  in  Figures  47  to  49,  and  results  for  PVD  ZnO  nanowires  are 
shown  in  Figures  50-52. 
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1. 


GaN  Nanowires 


a.  N-Type  GaN  Nanowires 


Waveguiding 


800nm 


SEM 

Excitation 

Point 


Figure  38.  NSOM  Image  of  a  0.6  jam  Diameter  N-Type  GaN  Nanowire 


Figure  39. 


Combined  AFM  and  NSOM  of  the  GaN  nanowire  in  Figure  38.  Image  has 
been  rotated  from  Figure  38  for  better  viewing. 
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CL  Intensity  (arb  units) 


Figure  40.  Semi  Logarithmic  Plot  (Y-Axis  Scale  is  the  Natural  Logarithm  of  Intensity) 
With  Linear  Best  Fit  of  NSOM  Intensity  as  a  Function  of  Distance  of  a  N- 

Type  GaN  Nano  wire 


b.  Unintentionally  Doped  N-Type  GaN  Nanowires 


Figure  41 .  NSOM  Image  of  a  0.5  pm  Diameter  GaN  Unintentionally  Doped  N-Type 

Nano  wire 
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Figure  42.  Combined  AFM  and  NSOM  of  the  GaN  nanowire  in  Figure  41 .  Image  has 

been  rotated  from  Figure  41  for  better  viewing. 
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Figure  43.  Semi  Logarithmic  Plot  With  Linear  Best  Fit  of  NSOM  Intensity  as  a 

Function  of  Distance  of  an  Unintentionally  Doped  N-Type  GaN  Nanowire 


52 


c. 


P-Type  GaN Nanowires 


Figure  44.  NSOM  Image  of  a  0.5  pm  Diameter  GaN  P-Type  Nanowire 
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Figure  45.  Combined  AFM  and  NSOM  of  the  GaN  nanowire  in  Figure  44.  Image  has 

been  rotated  from  Figure  44  for  better  viewing. 
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Figure  46.  Semi  Logarithmic  Plot  With  Linear  Best  Fit  of  NSOM  Intensity  as  a 
Function  of  Distance  of  a  P-Type  GaN  Nanowire 
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2. 


ZnO  Nanowires 


a.  Hydrothermal  ZnO  Nanowires 


Figure  47.  NSOM  Image  of  a  0.6  gm  Diameter  ZnO  HT  Nanowire 


Figure  48.  Combined  AFM  and  NSOM  of  the  HT  ZnO  nanowire  in  Figure  47.  Image 

has  been  rotated  from  Figure  47  for  better  viewing. 


55 


Figure  49.  Semi  Logarithmic  Plot  With  Linear  Best  Fit  of  NSOM  Intensity  as  a 

Function  of  Distance  of  a  HT  ZnO  Nanowire 


Figure  50.  NSOM  Image  of  a  0.8  gm  Diameter  ZnO  PVD  Nanowire 
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Figure  5 1 .  Combined  AFM  and  NSOM  of  the  nanowire  in  Figure  50.  Image  has  been 

rotated  from  Figure  50  for  better  viewing. 


Figure  52.  Semi  Logarithmic  Plot  With  Linear  Best  Fit  of  NSOM  Intensity  as  a 

Function  of  Distance  of  a  PYD  ZnO  Nanowire 
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c. 


NANOBELTS 


The  nanobelts  examined  in  this  thesis  were  long,  hundreds  of  micrometers,  and 
between  60  and  80  pm  wide.  As  a  result,  as  shown  in  Figures  53  to  56,  diffusion  in 
nanobelts,  unlike  in  nanowires,  is  no  longer  constrained  to  one  dimension.  It  is  now  a 
two  dimensional  phenomenon.  As  shown  in  Chapter  III,  at  distances  greater  than  five 
times  the  minority  carrier  diffusion  length  from  the  point  of  excitation,  intensity  is  still  a 
decreasing  exponential: 


-X 

I  ~eL- 

where  I  is  intensity,  x  is  the  distance  from  the  point  of  excitation,  and  La  is  the  minority 
carrier  diffusion  length.  However,  the  diffusion  length  is  not  known  in  these  structures, 
so  it  is  also  not  known  how  close  to  the  point  of  excitation  one  can  go  and  still  extract 
valid  data.  As  a  result,  the  data  must  be  fitted  to  the  zeroth  order  Bessel  function  of  the 
second  kind  described  in  Chapter  III,  which  was  not  done  in  this  thesis.  However,  data 
were  taken  from  the  point  of  excitation,  and  a  diffusion  length  was  extracted  from  them 
as  if  intensity  did  go  like  the  decreasing  exponential  shown  above.  This  length  is  the 
lower  limit  of  the  actual  value  extracted  from  the  data  fitted  to  the  Bessel  function. 


Figure  53.  80  pm  Diameter  ZnO  PVD  Nanobelt  and  NSOM  Tip 


58 


Waveguiding  Out  the  Side 


15(!m 

I  i  i  '  I 


Figure  54.  NSOM  of  a  60  pm  Wide  ZnO  PVD  Nanobelt 


Figure  55.  Combined  AFM  and  NSOM  of  the  Nanobelt  in  Figure  54 
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Figure  56.  Combined  AFM  and  NSOM  of  a  60  pm  Wide  ZnO  PVD  nanobelt.  The 
excitation  point  is  at  the  center  of  the  scan,  so  diffusion  is  seen  in  all 

directions. 
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Figure  57.  Semi  Logarithmic  Plot  With  Linear  Best  Fit  of  NSOM  Intensity  as  a 

Function  of  Distance  of  a  PVD  ZnO  Nanobelt.  This  was  used  to  establish 
the  lower  limit  of  the  actual  minority  carrier  diffusion  length. 
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D.  OTHER  NANOSTRUCTURES 


The  results  shown  in  Figure  58  are  typical  of  some  unique  structures  that  were 
studied  which  show  the  topographic  features  seen  in  Figures  32  and  33.  As  shown  in 
Figure  58,  light  collected  in  these  structures  exhibit  “banding,”  a  term  we  use  when  light 
appears  as  discrete  bright  and  dim  bands.  Also,  as  shown  in  the  bottom  right  corner  of 
Figure  58,  this  effect  is  observed  at  two  excitation  currents,  so  it  is  a  repeatable 
phenomenon  and  not  due  to  one-time  instabilities  in  the  system.  Further  evidence  of  this 
effect  is  shown  in  Figure  59  and  also  in  Figure  60,  which  is  a  standard,  not  NSOM,  CL 
map  of  light  bands  in  two  nanostructures  of  this  category.  Also,  as  shown  in  the  bottom 
left  comer  of  Figure  58  and  in  Figure  61,  these  types  of  structures  transmit,  “leak,”  light 
from  their  sides.  Finally,  as  detailed  in  the  top  row  of  Figure  58  and  more  clearly  in 
Figure  62,  these  structures  often  waveguide  light  in  a  way  that  forms  a  doughnut  hole- 
type  shape  at  the  end  of  the  structure  while  also  always  exhibiting  banding. 

Due  to  these  effects,  it  is  not  possible  to  obtain  minority  carrier  diffusion  lengths 
of  structures  in  this  category  using  NSOM.  Recall  from  Chapter  III  that  the  minority 
carrier  diffusion  length,  Lt|,  is  extracted  from 


1  = 


S  -x/Ld 

2  Ld 


where  I  is  intensity,  g  is  the  generation  rate,  and  x  is  distance  away  from  the  source. 
Therefore,  to  measure  Ld,  light  generated  from  minority  carrier  recombination  must 
decrease  exponentially  due  solely  to  recombination  along  the  axis  of  the  structure.  As 
shown  in  Figures  58  to  62,  this  does  not  happen.  Collected  light  appears  to  be  along  the 
waveguide  axis,  which  is  leakage,  rather  than  from  carrier  recombination.  The  resultant 
profile  contains  many  intensity  peaks,  due  to  banding,  which  create  an  artificially  long 
exponential  profile  that  results  in  a  minority  carrier  diffusion  length  that  is  longer  than  the 
actual  length. 
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Figure  58.  Example  of  “Leaking”  and  “Banding.”  Clockwise  from  top  left  comer: 

NSOM  Image  of  a  nanostructure  similar  to  the  one  shown  in  Figure  33  with 
an  excitation  current  of  10'10  A,  NSOM  of  the  same  structure  at  3xlO'10  A, 
plot  of  NSOM  intensity  as  a  function  of  distance  at  both  10'10  A  and  3xlO'10 
A,  and  the  combined  NSOM  and  AFM  of  the  nanostructure  at  3xlO"10  A. 
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Figure  59.  NSOM  of  a  Structure  that  Exhibits  Banding 


Figure  60.  Standard  CL  Map  of  Light  Bands  in  Other  Nanostructure  Samples 
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Figure  61 .  Combined  NSOM  and  AFM  of  a  nanostructure  “leaking,”  transmitting  light 

out  of  its  side. 


Figure  62.  2D  and  3D  plot  of  waveguided  light.  The  3D  plot  is  CL  intensity  only,  no 
topography  data  is  present.  Notice  the  distinct  bands  of  light  and  the 
doughnut  hole-like  shape  in  the  center. 
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E.  SUMMARY  OF  RESULTS 


Material 

Structure 

Type 

Growth 

Technique 

Minority  Carrier 

Diffusion  Length 

GaN 

Nanowire 

N-Type 

MBE 

450  nm  +/-  64  nm 

GaN 

Nanowire 

Unintentionally 

Doped  N-Type 

MBE 

180  nm+/-  14  nm 

GaN 

Nano  wire 

P-Type 

MBE 

200  nm 

ZnO 

Nanowire 

Unintentionally 

Doped  N-Type 

HT 

150  nm  +/-  58  nm 

ZnO 

Nanowire 

Unintentionally 

Doped  N-Type 

PVD 

640  nm  +/-  190  nm 

ZnO 

Nanobelt 

Unintentionally 

Doped  N-type 

PVD 

Greater  Than 

1.0  pm  +/-  330  nm 

ZnO 

Other 

Nanostructure* 

Unintentionally 

Doped  N-Type 

PVD 

1 . 1  pm  -  2  pm 

Table  2.  Summary  of  measured  NSOM  minority  carrier  diffusion  lengths.  *Note 
that,  as  shown  in  this  chapter,  the  measured  diffusion  lengths  of  ZnO  Other 
Nanostructures  are  not  the  actual  diffusion  lengths. 
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VII.  CONCLUSIONS  AND  SUGGESTIONS  FOR  FURTHER 

RESEARCH 


A.  CONCLUSIONS 

The  goals  of  this  thesis  were  to  measure  the  diffusion  lengths  of  p-type,  n-type, 
and  unintentionally  doped  n-type  GaN  nanowires;  ZnO  PVD  nanowires  and  nanobelts; 
and  ZnO  HT  nanowires.  While  gathering  these  measurements,  the  author  also  observed 
that  some  nanostructures,  those  classified  as  Other  Nanostructures  in  Chapter  VI,  had 
unique  surface  topographies  that  caused  leakage  of  waveguided  light  along  the  structure 
and  therefore  increased  the  exponential  decay  profile  associated  with  minority  carrier 
recombination.  Thus,  it  is  not  possible  to  use  NSOM  to  measure  the  minority  carrier 
diffusion  length  in  these  structures. 

In  his  December  2009  thesis,  Commander  Lee  Baird  measured  the  minority 
carrier  diffusion  lengths  of  GaN  nanowires  grown  by  metal-organic  chemical  vapor 
deposition  (MOCVD)  [28],  Table  3  summarizes  his  results.  Note  that  the  first  row  of  the 
table  describes  a  GaN  nanowire  with  an  aluminum  gallium  nitride  (AlGaN)  shell.  This 
shell  serves  as  a  high  bandgap  barrier  to  reduce  surface  recombination.  When  compared 
to  the  standard  (no  shell)  MBE  GaN  nanowires  of  Table  2,  it  is  evident  that  wires  grown 
by  different  processes  have  different  minority  carrier  diffusion  lengths  with  the  MOCVD 
material  showing  a  longer  minority  carrier  diffusion  length.  This  is  often  true  in  thin 
films  as  well  because  MBE  grown  material  often  has  a  larger  point  defect  density. 
Further  evidence  of  this  is  also  found  in  Table  2  by  comparing  the  short  diffusion  lengths 
of  ZnO  HT  nanowires  with  the  longer  lengths  of  PVD  ZnO  nanowires.  Also,  as  shown  in 
both  Tables  2  and  3,  it  is  clear  that  doping  also  affects  minority  carrier  diffusion  lengths 
in  nanostructures. 
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Nanowire 

Minority  Carrier  Diffusion  Length 

GaN/AlGaN  Core-Shell 

1.3  pm  +/-  0.20  pm 

Unintentionally  Doped 

0.96  pm  +/-  0.25  pm 

P-Type 

0.65  pm  +/-  0.35  pm 

Table  3.  Summary  of  NSOM  Minority  Carrier  Diffusion  Lengths  in  MOVCD  GaN 

Nanowires  (from  [28]) 

B.  SUGGESTIONS  FOR  FURTHER  RESEARCH 

It  is  interesting  that  PVD  ZnO  nanobelts  have  diffusion  lengths  that  are  at  least 
approximately  twice  the  length  of  PVD  ZnO  nano  wires,  and  8.7  times  the  length  of  HT 
ZnO  nanowires.  It  is  not  yet  understood  if  this  increase  in  diffusion  length  is  caused  by 
the  topography  (wide,  flat,  and  thin)  of  the  nanobelt,  the  specific  PVD  conditions  needed 
to  grow  them,  or  a  combination  of  the  two.  Thus,  further  research  that  determines 
nanobelt  diffusion  lengths  as  a  function  of  size  and  as  a  function  of  growth  conditions 
should  be  conducted. 

As  previously  shown  in  Tables  2  and  3,  both  a  nanostructure’s  doping  type  and 
growth  process  affect  the  minority  carrier  diffusion  length.  Again,  consider  the  equation 
defining  this  length: 

[kf 

where  Ld  is  the  minority  carrier  diffusion  length,  k  is  Boltzmann’s  constant,  T  is 
temperature,  p  is  the  charge  carrier  mobility,  and  x  is  the  minority  carrier  lifetime.  Since 
the  temperature  was  held  constant  at  approximately  300  K  for  all  experiments,  it  is  clear 
that  the  only  variable  in  the  equation  is  the  product  of  the  charge  mobility,  which  is 
affected  by  dopant  type,  with  the  minority  carrier  lifetime.  Furthermore,  since  the  only 
difference  between  nanowires  of  the  same  type,  as  in  MBE  n-type  GaN  nanowires 
compared  to  MOCVD  n-type  GaN  nanowires,  is  the  growth  process,  it  is  clear  that 

different  processes  also  have  different  effects  on  the  pi  product.  Thus,  since  an 
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understanding  of  how  doping  and  growth  of  nanostructues  interact  to  affect  the  jit 
product  will,  therefore,  lead  to  an  understanding  of  how  the  minority  carrier  diffusion 
length  is  also  affected  by  them,  more  research  is  needed  in  this  area.  Similar  size 
nanostructures  should  be  compared  as  a  function  of  doping  concentration  and  also  for 
different  growth  conditions. 

The  optical  properties  of  structures  in  the  Other  Nanostructures  category  should 
also  be  further  investigated.  Although  it  is  not  possible  to  measure  the  minority  carrier 
diffusion  length  of  these  structures  optically,  the  effects  associated  with  surface 
topography,  optical  waveguiding,  and  interference  are  interesting  and  may  be  of  some 
future  use.  For  instance,  it  has  been  shown  that  ZnO  nano  wires  have  lased  at  room 
temperature  [9],  and  the  waveguiding  effect  shown  in  Figure  62  looks  similar  to  the  laser 
mode  called  transverse  electromagnetic  mode  (TEM)  01*,  as  shown  in  Figure  63. 
Further  research  and  experimentation  should  be  conducted  to  confirm  or  disprove  this. 


Figure  63.  Transverse  Electromagnetic  Modes  of  Lasers  (from  [  41]) 
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The  JEOL  840A  has  limited  resolution.  Due  to  the  space  requirements  of  the 
Multiview  2000  inside  the  SEM’s  chamber,  the  working  distance,  at  approximately  45 
mm,  is  large.  As  a  result,  it  is  sometimes  difficult  to  resolve  surface  features  on 
nanostructures.  Furthermore,  if  separate  nanostructures  are  near  one  another,  it  also  may 
not  be  possible  resolve  them  as  distinct  structures.  For  instance,  the  author  has  made 
NSOM  diffusion  length  measurements  on  what  appeared  to  be  a  single  nano  wire  only  to 
find,  when  examined  at  a  closer  working  distance,  that  wire  was  really  several  wires  in 
close  proximity.  Next  year,  a  new  field  emission  SEM  will  be  installed  that  will  have 
nanometer  resolution  with  the  Multiview  2000  in  its  chamber.  This  will  enable 
significant  improvement  in  the  ability  to  simultaneously  image  the  nanostructures  and  to 
hold  the  SEM  beam  stable  on  these  structures. 

Finally,  improved  image  processing  tools  and  procedures  should  be  developed  to 
better  display  CL  information  collected  by  NSOM.  In  some  images  it  is  difficult  to  see 
all  the  CL  information  contained  in  the  data,  such  as  the  waveguiding  behavior  in  Figure 
54.  Tools  and  procedures  that  subtract  or  reduce  background  noise  while  increasing  the 
visibility  of  emitted  and  waveguided  CL  will  result  in  more  accurate  minority  carrier 
diffusion  length  measurements,  and  will  also  yield  a  better  understanding  of  how  light 
propagates  in  nanostructures. 
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APPENDIX  A.  NANONICS  MULTIVIEW  2000  [30] 


Mul  CiV?  e w  20QttT  “  JTd  M  d  u.n£ 


Mechanical  Design  £x  Scanning 

*  Double  the  z  scanning  breakthrough  achieved  with  one  3D  FI  at  Scanner™  in 
the  MulliView  1000™ 

*  Up  to  0.1  Z0  mm  z  scanning  for  ease  of  approach 

*  Samples  with  surface  roughness  from  nanometers  to  more  than  one  hundred  microns 

*  Hundreds  of  microns  deep  imaging  with  Nanonics  Deep  Trench™  probes 
and  3D  Flat  Scanners™ 

*  Complete  integration  with  conrocal  microscopic  SD  optica  I  sectioning 

*  Laser  tweezers  applications 

*  Roughly  scan  samples  in  x-y  over  millimeters 

*  Double  the  conventional  x-y  fine  motion  with  two  scanning  stages  -  one  for 
tip  and  one  for  sample 

*  Extreme  compactness  and  dosed  loop  mechanical  design  fa-'  sample  stability 

*  Noise  floors  Inm 

*  Flexible  mounting  geometries  for  a!  I  near-held  opt- cal  elements 


TTie  iVanorocs 
Proprietary 
7jp  .Mount 
VieivEd  from 
the  Tip  5i:0'e 


Breakthrough  In  Tuning  Fork  Feedback 

*  High  resonance  frequencies 

*  High  Q factors 

Tuning  forks  were  pioneered  in  scanned  probe  microscopy  by  K_  Karrai  and  M. 
Haines  US  Potent  SMumber  5,64i .396.  The  work  of  Karrai  and  cowarkers  wos 
patented  for  straight  near-field  optical/AFM  elements  with  highly  restricted 
geometries  of  tip  attachment  and  rrxjvement  Nanonics  extends  this  technology 
in  two  directions:  First,  the  use  of  proprietary,  simple,  mounting  techniques  that 
maintain  resonance  frequencies  and  Q  factors  and  resolve  problems  with  tuning 
fork  feedback,  as  noted  previously  [D.  N.  Davydov,  K.  B.  Shetimov.T  L.  Haslett 
and  M.  Moskovits*  Appl.  Phys.  Lett.  75. 1796(1999)]:  and  second,  applying  these 
mounting  techniques  to  cantilevered  near-field  optical  and  AFM  elements  to 
provide  performance  at  the  limits  attainable  with  scanned  probe  techniques. 


Tip  Scanning 

Waveguide  characterization  highlights  the  util  ity  of  having  tip  and  sample  scanning 
available  in  a  single  system.  The  distribution  of  light  emanating  from  the  edge 
of  a  waveguide  can  be  best  imaged  by  collection  mode  tip  scanning.  In  this  cose, 
the  light  is  injected  into  the  bottom  of  the  waveguide  through  an  inverted  microscope 
objective  or  an  input  fiber.  The  geometry  of  the  light  source  and  waveguide  must 
be  kept  stationary  throughout  the  measurement,  and  sample  scanning  would 
disturb  the  injection  of  light  inUD  the  waveguide.  Thus,  tip  scanning  collection 
mode  is  preferred  in  this  cose  and  in  similar  experiments. 

Using  an  on-line  optica  I  microscope  allows  simultaneous  viewing  of  the  edge  af 
a  hanging  planar  waveguide  and  the  N50M/AFM  cantilevered  tip  as  it  is  positioned 
to  inject  light  into  the  waveguide  (tap  left  image),  “he  waveguide  is  hung  on 
the  bottom  plate  of  the  sample  scanner  while  the  tip  is  mounted  on  the  top  plate, 
the  tip  scanner  (bottom  left  image). 
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Sample  Scanning 

Many  experiments  are  performed  best  using  sample  scanning. 

Far  example,  one  might  wont  to  monitor,  with  ultra  high  resolution,, 
t'ndeK  of  refraction  variations  along  the  edge  of  the  waveguide  together 
with  ATM  topography.  Light  emitted  from  the  N5QM  tip  and  reflected 
off  the  edge  of  a  waveguide  is  collected  by  a  high  numerical  aperture 
(NA)  microscope  objective.  In  such  an  optical  measurement,  tip 
scan  ni  ng  rd  ati ve  to  a  h  ig  h  objective  d  estroys  the  axioi  sym  metry 

of  the  optica  I  system  and  can  result  in  image  artifacts.  Tip  artifacts 
have  to  be  avoided  to  reach  the  ultimate  in  these  super  resolution 
reflection  roeasurementsaf  ind-ex  of  refraction  that  can  monitor 
alterations  of  <1/1 000. 

The  MultiView  2000™  Series  also  includes  the  LT  Low  Temperature 
systems  that  Nanonies  provides. 


JoffSsjTpi'E  i'.T’aging  of  a  Ftbni 
of  Associated  Protein  fototecufer 


The  MuitiView  2000™  Series  builds  an  the  standards  af  modularity, 
flexibility,  and  full  system  pcrfomnancethat  were  established  by  the 
Multi  Vie  w  1 000™.  Present  owners  af  a  Nanonies  M  u!  tiView  1000  ™ 
can  upgrade  ta  the  SSlanonics  Multi  View  2000™  Series. 


The  Mu  It  J  View  2000™  L  (Large  Samples) 

•  Integrate  Alpha  Step,  ATM.  and  optical  information 

•  Tip  scanning 

•  Large  sample  stage 

•  Customer  speci  fied  stage  sizes  and  accuracy 


The  MiiltlVIew  2 W0™  C  (Confoca I  Imaging) 

•  Tip  scanning 

•  Add  to  any  existing  optical  microscope,  including  UV  canfocal 
microscopes 

•  On-line  viewing  with  lens  and  tip  far  imaging  and  calibration 

•  Resolve  optical  image  and  AFM  registration  "n  semiconductor 
applications 

•  Ultra’high  resolution  thrn  fiim  measurements 


Accessories  for  liquid  and  electrochemical  cells* *  odd -shaped 
sample  mounts,  and  environmental  control  systems 

With  the  MultiVFew  2000™  Senes,  Nanonies  Imaging  has  reaffirmed  its  position 
as  the  complete  supplier  in  this  unique  interface  between  scanned  probe  ond 
optical  microscopy,  At  Nanonrcs  Imaging,  both  the  optical  microscope  and  the 
scanned  probe  imaging  system  am  given  equal  importance.  No  other  manufacturer 
of  scanned  probe  or  optica  I  microscopes  can  provide  for  such  effective  solutions 
m  both  these  growing  areas  of  imaging.  The  result  is  the  ultimate  degree  of 
integration  in  imaging  methodologies. 
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MultiView  2000™  Technical  Specifications 


Modes  of  Ope  radon 

Near-Feld  Optoal  Microscopy  Transmss^n,  reflection,  collection,  fluorescence 

Atomic  Fc*ce  Microscopy 

"umng  fo-* 

Feedback  Mechanism 
c&ifeeal  Microsoooy 

"urisny  F:y,  ruso-  :>  :c  FrK-^ricy  dppruxisrj'ey  32  '-.Hi 

Transmssj&n  reflection,  fluorescence 

Sample  or  Tip  Scanning 

Scanner 

"hvo  LieiPeieLtnc  Hat  scanners  (both  7  mm  thick) 
sample  scanning  or  tip  scanning 

Scan  Range.  '  2D  \i  Z-:ange,  70  jiXY-range  (3D  and  IGji  on  request) 

Maximum  Lead;  75  g 

Resolution 

<  5  nm  m  KYr  <  l  f=! n  m  z 

Sample  positioning 

Inertial  piezo  motion  (6  mm  range,  accuracy  ]  pj 

Maximum  Sample  Size 

16  mm  diameter,  custom  mounts  For  larger  sample  ava  able  upon  request 

Probes 

N50M  Prabra 

Cantilevered  o>  straight,  pullec  optica  iiher  probes 

AFM  FyuLes 

Cantilevered,  pullfti  glass  prubES  o-  eommspally  available  AFM  prohes 

Specialised  Ptdhes 

Cantilevered  probes  for  electoral  o:  theitmal  measurements 

Custom  Probes 

A vi  able  upon  requEit 

Optics 

Viewiog/Detedkan  Optics 

Free  oploal  accns  to  ire  sample  frorr  top  and  bottom  for  optica  observation 
of  the  sample  (all  conventional  far- field  modes  of  operation  are  ava  -able) 
and  for  detection  of  the  N50M  signals  with  any  Optical  miCrOScOpa  (upright, 
inverted,  dual;  or  other  optics 

Detectors 

Photomultiplier  "ube  (PMT),  Avalanche  Photodiode  Detector  IAPDI,  InGaAs 
Detedo*JorjnLCCD _  _ 

Lasers 

A  large  variety  of  laser  Systems  can  be  uSEtd  I'JV,  VIS,  RJ 

Video  Srttem 

Optional  CCD  camera 

Optical  Resolution 

Confocal  Microscopy 

Diffraction  limited 

Nedr-fit  d  Microscopy 

From  50  nm  upwards,  depending  on  the  aperture  uze  of  the  \SOM  urobe  usee 

controller 

Nanomc^Tupaz  (Digital  instruments,  RHK,  Park  Scientific  and  Tcpcmelri* 
controllers  can  also  he  used  to  control  the  MuifaVieuv  2000™  microscope: 

Software 

Quarto  software  for  NsnoftesfTopai  controller  (win  35rSa  and  Nfl 

Real  time  image  display,  ima^e  acquis  to--,  (up  to  E  channels)  and  analysis, 

3D  rendsfno  fl 

Options 

Envnunme- rtal  Cumber 

Control  lIie  measurement  e-  vironme-  i  Ihumdity  gas  eompesrben,  vacuum)  jm 

Electrical  Measurements 

Options  for  resistance,  thermal  measurenrenls 

NanochemicalfGas  Deliver 

Deliver  a  chemical  via  the  nanoprpettefAFM  tip  to  the  sample  surface 

0 
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APPENDIX  B.  SPCM-AQR-14  PHOTON  DETECTOR  [31] 


Optoelectronics 


Single  Photon  Counting  Module 

SPCM-AQR  Series 


> 

H 

> 

(A 

I 

m 


Description 

The  SPCM-AQR  is  a  eatf-contained 
module  which  delects  single  photons 
of  light  over  the  wavelength  range 
From  4-DQ  nm  to  1  GGQ  nm,  a  range  and 
sensitivity  which  often  outperforms 
photomultiplier  tubas. 

The  SPCM-AQR- IX  utilizes  a  unique 
silicon  avalanche  photooiode  which 
has  a  circular  active  area  whose  peak 
photon  detection  efficiency  over  a 
1  BO  pm  diameter  exceeds  et 
650  nm.  The  photodiode  is  both 
thermcelectrically  coded  end 
temperature  controlled,  ensuring 
stabilized  performance  despte 
changes  in  the  ambient  temperature. 
The  SPCM-AQR  module  can  count 
to  speeds  exceeding  IB  million 
counts  per  second  (Mete)  Fa>r  ths 
SPCM-AQR- IX.  There  is  a  "dead  time" 
of  50  ns  between  pulses. 

The  SPC^-AQR  requires  a  +6  Volt 
power  supply.  A  TTL  pulse  of  2.5  \ifalts 
(minimum)  high  in  a  50  £2  load  end  35 
ns  wide,  is  output  at  the  ree>r  BNC 


connector  as  each  photon  .s 
detected.  To  avoid  e  degradation  of 
line  module  linearity  end  stability,  the 
case  temperature  should  be  Xept 
between  5D  C  and  40ri  C  during 
operation. 

Saturation 

The  count  dac-raases  at  higher 
incoming  light  levels.  The  count  at 
which  the  output  rata  starts  to 
decrease  is  called  the  saturation 
point  As  an  extreme  example,  if  the 
module  s  exposed  to  intense  light 
ths  count  rate  will  fall  to  zero. 
Coneequantiy,  in  certain  applications, 
some  tests  should  be  performed  by 
ths  operator  to  ensure  that  a  low 
count  rate  is  not  caused  by  detector 
saturation. 

Precaution  should  be  taken  to  avoid 
any  excessive  light  lewel  that  will 
damage  the  SPCM  module. 


Applications 

-  LlDAR 

-  Photon  Correlation  Spectroscopy 

-  Astronomical  Observation 

-  Optica!  Range  Finding 

-  Adaptive  Optics 

t  Ultra  Sensitive  Fluorescence 
*  Particle  Sizing 

Features 

-  Peak  Photon  Detection  Efficiency 
@  €5Qnm:  G59i  Typical 

-  Active  Area:  SPCM-AQR-IX:  175  pm 

-  User  Friendly 

-  Gated  Input 

-  Single  +5V Supply 


l> 

Perkin  Elmer' 

:  inxii'vcVy, 


aptoelectronKcs.perklnelmer.com 
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Single  Photon  Counting  Module  -  SPCM-AGR  Series 

Fiber  Connection  Option 

Ordering  Guide  1 

The  SPCM-AQR-WX-FC  has  an  'FC31  fiber-optic 
receptacle  pre-alignad  to  the  optical  detector.  Optcal 
fibers  with  an  FG  connector  on  one  end  are  available 
saoaralely,  see  Ordering  Cu  de  2.  Due  to  the 
wavelength  dependence  of  the  graded  mdex  coupling 
lena.  the  operating  wavelength  range  muat  be  epeciFied; 
sae  Ordering  Guide  2.  Tna  photon  detection  efficiency 
of  connaolonzed  modules  ,s  abo-jt  *95%  of  that  q  jcted 
for  standard  modules. 

Fiber  Shielding 

Whan  used  with  optical  fibers,  both  the  fiber  itself  and 
the  connector  shrouds  must  be  completely  opaque;  if 
not  stray  light  will  increase  the  count  rale.  Tha 
5PCM-OCX  pigtails  conform  to  this  requirement  see 
Ordering  Guide  2. 

Gating  Function 

A  gating  function  is  provided  with  each  module.  It  s 
useful  when  you  are  looking  for  a  signal  that  occurs 
only  in  a  small  time  frame  window.  Also,  in  soma 
applications  tha  bai^ground  light  flux  is  higher  ihan  the 
signal.  In  this  case.  Tha  gating  option  could  be  used  to 
improve  the  S/N  ratio  by  opening  a  window  only  when 
the  light  signal  is  present.  ThE  output  of  the  module  is 
disabled  when  a  TTL  tow  tevei  is  applied  fo  the  module 
gate  input. 


Light  Emission  During  Photon 

Detection 

One  peculiarity  of  silicon  evaisnche  photodiodes  is  that 
as  an  incoming  photon  is  detected  a  small  amount  of 
light  is  emitted  from  the  avalanche  region.  The  light 
em  tied  has  a  broad  spectra1  distribution.  In  most  cases 
this  is  not  a  p^oclam.  Howava-.  it  can  cause  soma 
confusion  if  another  detector  is  monitoring  light,  of  if  the 
optical  system  is  such  that  light  emitted  from  tna 
5FCM-AQR  is  raflectad  back  on  itss-f.  If  the&a  photons 
return  35  ns  afte'  the  initial  event,  they  wiM  be  detected. 

Safety 

Tna  SPCM-AGR  contains  a  high  vc-tage  power  supply. 
All  internal  settings  are  pre-set;  there  era  no  user 
adjustments.  Units  which  appear  defective  or  have 
suffered  mechanics  damage  should  notoe  used 
because  of  possible  electrics?  shoring  of  the  hign 
voltage  cower  supply. 

Warranty 

A  standard  twelve  month  warranty  following  shipment 
applies.  Any  warranty  is  null  and  raid  if  the  module  case 
has  been  opened. 


Table  1.  Ordering  Guide  Diag  ram  1 
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-  MI  Lk  .  n-iiLr.irii  k  *t  . I W  br, 
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Dark  QmiliT  Silscricui 


'  .lUjji  l>j  ■■ 
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Single  Photon  Counting  Module  -  5PCM-AQR  Series 


Table  1  Ordering  Ouide  Diagram  2 


Part  Nu mbar 

FItoer  Type 

Connector  Type 

Diameter 

Numerical 

Aperslure 

Core 

Cladding 

•Outer 

5PCM-QC4 

Multimode 

Ft  J  Bare 

02.5jim 

125  pm 

2j5  mm 

0.27 

SPCM-OCB 

Multi  moda 

Ft Bare 

13  Q  pm 

140  pm 

2.5  mm 

0.23 

SFCM-OCS 

As  5PCM-QCB  but  905  5MA  bn  Tree  and,  1QD  microns  core  liber 

SPCM-OCa 

As  SFCM-QC5  \xii  FC  connector  on  rraa  and,  too  microns  core  liber 

Table  3.  Specifications-  SFCM-AQR-WX  @  22°  C.  all  nwciflla^  urJeea  otherwise  indicated 


Parameter 

Minimum 

Typical 

Maximum 

Unite 

SLpply  current 

D.5 

l.B 

Ampe 

5LCply  vdoga:  11) 

4.75 

5.0 

5.25 

V 

RerkinEJmer  pcoar  cable  total  rs&elarvse 

D.2 

Case  operating  lamperalure  (13> 

5 

40 

■c 

Actios  area  ijdi&neffir)  g  minmum  Pa 

170 

175 

Jim 

Fhooi  detection  elliciancy  [Pd)  ■§£ 

400  nm 

2 

a 

% 

650  nm 

M 

55 

% 

033  nm 

35 

45 

1050  nm 

1 

2 

% 
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Single  P  ho  ion  Counting  Module  -  5FCM-AQR  Series 


Table  4.  Specifications  SPCM-AQR-WK  @  22c  C,  nl  I  modelB ,  unless  otherwise  indicated 


Pararoa  ier 

Minimum 

ifypl  caJ 

Maximum 

Units 

Pd  v£r  aLuri  at  ecnstanl  case  temoerdura 
f2h  ^  25"  C| 

±1 

±  3 

% 

Pa  yartaflon  S'  c  le  40'  c  case  temperaiLre 

±4 

£  ID 

% 

Dark  Count  = 

SPCM-AQR-12 

— 

5CG 

Counts' Second 

&PCM-AQR-13 

— 

290 

Counta'Seoond 

SPCM-AQR-14 

— 

i  m 

Counts' Second 

5PCM-AQR-15 

— 

so 

Count&'Seoond 

&PCM-AQR-1E 

— 

25 

Counts,1  Second 

Average  dark  count  variation  at  constant  ease 
temperature  (5  hra  25“  C|  tor  (^.5.55; 

SPCM-ADR-12  a,  IS 

£  ID 

% 

SPCM-AQR-14  1  15S  15 

±  1 

a 

Average  dark  count  variation  at  S'  C  le  40'  G 
sase  lemserarLfe  1st  [4.5,-E); 

5PCM-AJCR-12  4  IS 

=  2D 

% 

SFCM-AQR-14  A  15  &  15 

=:  2 

a 

Sing  is  moton  Timing  Resolution 

Con  tecl  lad  cry 
ly  auallebflty 

Dead  Time  fCount  rates  beio*  5  Mc's) 

SO 

so 

ns- 
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Singli  PhoLan  Counting  Module  -  SPCM-AQR  Series 


Table  S.  SpacrticaLona  SPCM-AQR-WK  @  22c  C,  all  modeli,  unteas  otherwise  indioaled  -  continued 


Parana  ter 

Minimum 

Typlcsi 

Maximum 

Units 

□utpul  count  rala  belere  aaLuration 

ID 

15 

PAc/s 

Lmaa^y  oarraciKjn  taclor: 

@  SOD  £ 

1.01 

3:  1  MO'S 

1.0B 

1.15 

^  5  Mo!a 

1.4D 

1.57 

AILarpUsmg  probability 

0.5 

% 

Setting  lima  blowing  power  up  atsbllrly) 

@  1  meg  counls/aec  and  25"  C 

15 

3D 

s 

Threshold  sating  rsqured  on  counter  fcr 
digital  GulpuL  pulse  (lenminate  in  5D  Qftm&i 

D.75 

1.6 

2  6 

V 

Output  pjlse  *icth 

35 

ns 

Gating  turn  onitfl.  -I5QQ  ouput) 

DiaaHe  -  T7L  Low 

2 

4 

ns 

EnaPe  -  TTL  High 

45 

55 

ns 

Gating  Threshold  Ventage:  V  fiLPp|y  -  SV| 

Low  labial  (sink  currerl  >30mA| 

D 

G.4 

V 

Hgh  level  (sink  ounranL  >MmA) 

3.5 

5.25 

V 

Table  6.  Absolute  Maximum  Ratings 


SuppijiVKtagH(l) 

5.5V 

Mean  Count  Kale 

5  MtJa  [APow  Ihia  point,  dead  lima  will  mefsaaa  due  tociode  &sir-haatirg) 

PeakLIgnMhlenory 

IQ*  photons  per  pulse  and  pulse  waffs  less  Iban  1  na. 

Gase  Tenperalure  (3) 

5tT  C  Storage,  40"  C  operating 
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Single  Photon  Counting  Module  -  3PCM-AQR  Series 

1.  Connection  to  incorrect  voltage  or  reverse  voitaga 
may  destroy  the  module.  The  warranty  ia  »nvalid 
where  such  damage  occurs. 

2.  These  modules  are  not  qualified  for  shock  or 
vibration  other  than  normal  inetru mentation 
environments. 

3.  The  module  dissipates  a  mean  power  of  2. GW,  and 
a  maximum  power  of  G.-GW  al  high  count  rale  and 
40°  C.  Adequate  heat  sinking  must  be  provided  by 
clamping  the  module  to  a  suitable  h  eat  sink  via  the 
holes  in  the  module  base.  For  the  specification 
performance,  the  module  case  temperature  must  not 
exceed  40°  C. 

4.  Bi-slabitily  of  the  dark  count  On  s  smsll  percentage 
of  delivered  modules,  Pi-stability  cf  the  cark  count 
has  been  observed.  Research  indicates  Shat  this  bi¬ 
stability  is  probably  due  to  transitions  at  s  single 
impurity  site  behvaen  a  low  energy  and  a  high 
energy  stats.  The  phenomenon  is  seen  as  an  abrupt 
change  in  trie  dark  count  rate,  e.g.  3GG  to  390  c/s 
and  the  dark  count  switches  between  the  two  states 
at  a  rata  which  depends  on  the  detector 
temperature.  Multilevel  switching  has  also  been 
observed.  whare  more  than  ona  impurrly  site  is 
switching. 


5.  Long-term  bi-atabilkty  is  related  to  fundamental 
semiconductor  physics  and  is  outside  PerkinElmar's 
control.  Warranty  claims  will  not  ba  entertained 
against  bi-stability  alone.  Warranty  claims  will  only  be 
considered  if  the  high  level  of  the  dark  count 
exceeds  the  maximum  level  in  the  specification. 

6.  (n  (hs  dsrk,  the  modu  Is  generates  random  counts 
that  follow  s  Poisson  distribution,  tn  e  Poissonian 
process  the  standard  ceviaton  is  equal  to  the  square 
root  of  the  average  counts.  In  this  specification  the 
"dark  count  var  etion"  refers  to  the  stability  of  the 
average  count  of  the  module. 

7.  The  actual  photon  rate  could  be  calculated  using  the 
following  equation,  as  indicated  bataw: 


Table  7,  Equation 


=  {OUTPUT  i  MWECTKWfilCTaff  fl  ttw  Htafaa-  CamHate)  -  DARK  COUtoT  Module 

mmwvmcimEFFmNcrMvduk 


ftw  ar  tow  wwX  .'.iii1.  or  m#  C*itk*hi  factor  Mr  Wm  * 

Comtim  farhii  *  J 


Iltirr  ig  -  MA iufc  DtJd  rnlln 
Lfl-  tiufpwrCpunr  Aafe 


twrarv. 


pmmMu*  omt  rtHX&j  oemm  ffnccncti mm  *  cmcmrimh 

-  t  -f 
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Single  Photon  Counting  Module  -  SPCM-AOR  Series 


Figure  1.  Bloch  Diagram  of  Module 
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Si  ngls  Photon  Counting  Moduli  -  SPCM-AQR  Series 


Figure  4.  Ptioton  Detection  Efficiency  (pd)  va.  Wavalangth 


SPOiiACR-1  X  Pri  WteKirarat 
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Single  Pho-lon  Counting  Module  -  SPCM-AQR  Series 


Figure  5.  Typical  AfterpuJse  PmbBbilHy 


SPCM-AQR  typical  Aftensuis*  Pnobatomtv 


time  in  ndnumLcn Ji 
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SFngla  Photon  Counting  Module  -  EPCM-AGR  Series 


Fi  gure  7.  Di  mensio-nal  Outline 
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APPENDIX  C.  MP-983  PHOTON  DETECTOR  [32] 


MR  900  - 1/3"  Photoncounting  Module 

Ultra  High  Sensitivity  Galeable 
Photon  Counting  Module 

D  ascription 

The  Photon  Counting  H&ad  MP  900  cariBS  is  des-ignad  For  applications  in  all 
Fields  of  s-ingle  photon  detection,  e.g  chemoluminescancB,  Pioluminescanca, 
Flourescanca,  in-vitro  assay ,environmenta!  maasunements  or  pure  research, 
it  is  an  easy  Id  use  module,  containing  the  Channel  Photomultiplier,  a  high 
voltage  power  supply,  a  discrimination  ampliFier  and  a  pulse  shaper  Tor  fast 
output  pulses.  An  instated  active  quenching  system  avoids  over-  llumination 
to  the  detector. 

It  is  also  possible  to  aopiy  an  external  gate  function  For  time  correlated  photon 
counting.  Strong  variations  in  light  levels  are  possibla  due  to  the  high  dynamic 
range  of  the  installed  CPM  The  exceptional  low  noise  and  high  sensitivity 
Facilitates  detection  of  extremely  low  light  levels. 


Features 


N  high  dynamic  range 

1  no  cooling  required 

h  very  stability  in 
noise  laval 

*  active  quenching 
orcuit  for  hign  lighL 
protection 

N  gateabla  CPM  input 

*  Optica1  f*  bar  read-out 
possible 

v  S  volts  operating  voltage 

*  mo mlor  voltage  output 
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-  Performance  Chtnacffirlatlct 
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